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ADVERTISEMENT. 



The present work lays no claim to originality. It 
is, essentially, the able and finished treatise, written 
by Sir John Herschel for the Encyclopedia Metropoli- 
tana, adapted to the purposes of instruction, with 
such changes as are demanded by some later inves- 
tigations. Thus the analysis of the Vibrations of 
Plates, in Part II., Chapter V., is taken from 
Wheatstone's Memoir in the London Philosophical 
Transactions for 1833 ; the whole of Part III., Chap- 
ter III., is from Faraday's Memoir in the Trans- 
actions for 1831 ; and Chapters IV. and V. of Part III. 
are almost entirely rewritten from other sources, such 
as Milne-Edwards's Elements of Zoology ; Breschet's 
Anatomy and Physiology of the Ear, in the Annales 
des Sciences Naturelles of Paris for 1833 ; Sir Charles 
Bell on the Organs of the Human Voice, in the Lon- 
don Philosophical Transactions for 1832; Willis 
on the Mechanism of the Larynx, in the Cambridge 
Philosophical Transactions for 1833 ; Bennati's Mech- 
anism of the Human Voice ; and Rush's Treatise 
on the Human Voice ; combined with some original 
remarks. 



IV ADVERTISEMENT. 

The catalogue of writings on Sound in the Table of 
Contents is prepared with the greatest care from the 
Catalogue of Dr. Young, in his Lectures on Natural 
Philosophy, and from an examination of every volume 
of the Memoirs of the Academies of Paris, Turin, 
Berlin, Petersburgh, Gottingen, Philadelphia, Boston, 
of the Philosophical Transactions of London, Edin- 
burgh, Dublin, Cambridge, the Journal de Physique 
by M. Rosier, the Journal Poly technique, Annales des 
Mathematiques, various Catalogues and Journals, and 
the works of Bernoulli, D'Alembert, Cauchy, &c. 

BENJAMIN PEIRCE. 
Cambridge, 1836. 
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PART I. 



ON THE PROPAGATION OF SOUND IN GENERAL. 



CHAPTER I. 

ON THE PROPAGATION AND VELOCITY OF SOUND IN AIR. 

1. To explain the nature and production of sound, 
the laws of its propagation through the various media 
which convey it to our ears, and the manner of its 
action on those organs ; the modifications of which it 
is susceptible in speech, in music, or in inarticulate 
and unmeaning noises ; and the means, natural or 
artificial, of producing, regulating, or estimating them, 
are the proper objects of Acoustics. 

2. Sound will not pass through a void space, but is 
almost always conveyed to the ear by means of the 
air ; and it diminishes in intensity by passing through 
rarefied air, while it becomes more intense by passing 
through condensed air. 

Shortly after the invention of the air-pump it was found, that 
the collision of hard bodies in an exhausted receiver produced no 
appreciable sound. Hauksbee, having suspended a bell in the 

1 
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Sound in condensed and rarefied Air and at great Elevations. 



receiver of an air-pump, found the sound die away by degrees, 
as the air was exhausted, and again increase on its readraission ; 
and when made to sound in a vessel full of air, the sound was not 
transmitted through the interval between that and an exterior 
vessel from which the air had been extracted, though it passed 
freely when the air was readmitted. On the other hand, when 
the air was condensed in a receiver, the sound of a suspended 
bell was stronger than in natural air, and its intensity increased with 
the degree of condensation. Roebuck, when shut up in a cavity 
excavated in a rock, which served as a reservoir of air for an iron 
foundry in Devonshire to equalize the blast of the bellows, observed 
the intensity of sound to be considerably augmented in the air 
thus compressed by their action. The same effect has been 
experienced in diving bells. More recently, M. .Biot has repeated 
the experiment of the exhausted receiver, with a much more 
perfect vacuum than could be procured in Hauksbee's time, and 
found the sound to be quite imperceptible, even when the ear was 
held close to the receiver, and all attention paid. 

3. Sound is less intense at great elevations in the 
atmosphere. 

The diminution of the intensity of sound in ia rarefied atmosphere 
is a familiar phenomenon to those who are accustomed to ascend 
very high mountains. The deep silence of those elevated regions 
has a physical cause, independent of their habitual solitude. 
Saussure relates, that a pistol, fired on the summit of Mont Blanc, 
produced no greater report than a little Indian cracker would have 
done in a room. Herschel noticed the comparatively snuill extent 
to which the voice can be heard, at an altitude of upwards of 
13,000 feet on Monte Rosa. The height, however, to which an 
atmosphere, or medium capable of conveying sound, extends, far 
exceeds any attainable on mountains, by balloons, or even by the 
lightest clouds. The great meteor of 1783 produced a distinct 
rumbling sound, although its height above the earth's surface was 
full 50 miles at the time of its explosion. The sound produced 
by the explosion of the meteor of 1719^ at an elevation of at least 
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Extent of the sounding Atmosphere. Sounds not instantaneously conveyed. 

69 miles, was heard as "the report of a very great cannon or 
broadside, " shook the windows and doors of houses, and threw a 
looking-glass out of its frame and broke it. These heights are 
deduced by calculation from observations too unequivocal, and 
agreeing too well with each other, to allow of doubt. Scarcely 
less violent was the sound caused by the bursting of the meteor of 
July 17, 1771, near Paris ; the height of which, at the moment of 
the explosion, is assigned by Le Roy at about 25 miles. The 
report of a meteor, in 1756, threw down several chimneys at Aix 
in Provence, and was taken for an earthquake. These instances, 
and others which might be adduced, are sufficient to show that 
sound can be excited in, and conveyed by, air of an almost incon- 
ceivable tenuity, (for such it must be at the heights here spoken of,) 
provided the exciting cause be sufficiently powerful and extensive ; 
neither of which qualities can be regarded as deficient in the case 
of fire-balls, such as those of 1719 and 1783, the latter of which 
was half a mile in diameter, and moved at the rate of 20 miles in 
a second. It may, however, be contended, and not without some 
probability, that at these enormous heights sound may owe its 
propagation to some other medium more rare and elastic than air, 
and extending beyond the limits of the atmosphere of air and 
vapor. 

4. Sound is not conveyed instantaneously from the 
sounding body to the ear. It requires time for its 
propagation. 

This is a matter of the most ordinary observation. We hear 
the blows of a hammer, at a distance, a very sensible interval of 
time after we see them struck. The report of a gun is always 
heard later than the flash is seen, and the interval is longer the 
more distant the gun. We estimate the distance of a thunder- 
storm by the length of the interval between the lightning and the 
thunder-clap, which often arrives when we have ceased to expect 
it. The report of the meteor of 1783 was heard at Windsor 
Castle, ten minutes after its disappearance. This is, probably, the 
longest interval yet observed. 
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5. The velocity of sound, as determined by the most 
accurate experiments, is 1090 English feet per second, 
at the temperature of freezing, and this result does 
not probably differ more than a foot from the truth. It 
is, indeed, affected more or less by the state of the air 
through which the sound passes ; but the following 
are the only circumstances which have any important 
influence. 

I. The direction and velocity of the wind. The 
velocity of the wind, estimated in the direction of the 
sound, is to be added to the observed velocity of the 
sound, to obtain its true velocity, if the wind moves in 
the opposite direction to the sound ; and the velocity 
of the wind is to be subtracted, if it moves in the same 
direction w^ith the sound. 

II. The temperature of the air through which the 
sound is conveyed. Every additional degree of atmo- 
spheric temperature, on Fahrenheit's scale, adds 1.14 
foot to the velocity of the sound ; so that at 62^ Fahren- 
heit, which is the standard temperature of the British 
metrical system, the sound runs over 9000 feet in eight 
seconds, 12i British standard miles in a minute, or 
765 miles in an hour, which is about three-fourths of 
the diurnal velocity of the earth's equator. 

a. A great multitude of experiments have been made to deter- 
mine the precise velcx;ity of sound. The earlier results differ more 
than might have been expected, from the influence of several 
causes not immediately obvious, but chiefly from want of due 
attention to the influence of the wind. It is evident, from the 
mechanical concussion attending loud noises, that sound consists in 
a motion of the air itself communicated along it by virtue of its 
elasticity, as a tremor runs along a stretched rope. K, then, the 
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whole body of the air were moving in a contrary direction, with 
the velocity of sound, it would never make its way against the 
stream at all ; and, on the other hand, when the wind blows from 
the sounding body direct towards the ear, it is equally clear that 
the velocity of the wind itself will be added to that of sound in 
still air. If a stone be thrown into a still lake, the waves spread 
with equal rapidity in all directions, in circles whose centre is the 
stone. If into a running river, they still form circles, but their 
centre is carried down the stream ; and in point of fact, the wave 
arrives opposite to a point of the bank above the place where the 
stone fell, later than at a point at the same distance below it, in 
proportion to the rapidity of the stream. Hence all experiments 
on the velocity of sound ought to be made, if possible, either in 
calm weather, or in a direction at right angles to that of the wind. 

4. The first experiments, which ap| ear to have been made with 
any degree of care, were those instituted by the Florentine 
Academy Del Ciraento. It was observed in these that at a distance 
equal to 5739 English feet, the sound of a harquebuss arrived 
five seconds after the flash ; and repeating the experiment at half 
the distance, they found exactly half the time to be required. 
This gives, for the velocity of sound, 1148 feet per second. 

Cassini the Elder, Picard, and Roemer, from experiments made 
at a distance of one eighth of a mile, assign 1172 ; while Flamstead 
and Halley, from a series of observations at the Royal Observatory, 
the origin of the sound being three miles distant, concluded the 
velocity to be 1142 feet per second. Dr. Derham obtained the 
same result from a more thorough investigation of the whole sub- 
ject than had ever before been made ; and as the distances of the 
stations employed were considerable, in one case amounting to 
upwards of 12 miles, this determination appears deserving of some 
reliance. The temperature unfortunately was not registered ; so 
that tlie experiment loses much of its value from the impossibility 
of applying with certainty the requisite correction. 

c. In 1737-38, the Academy of Paris directed a re-investiga- 
tion of the subject, and Messrs. Cassini de Thury, Maraldi, and 
La Caille, who were at that time engaged in the triangulation of 
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Mode of observing by Reciprocal Signals. Latest Observations. 

France, were charged with the conduct of the experiments. Their 
observations were carefully made, and the distance of the stations 
was considerable, from 3 to 20 miles. In these experiments we 
find the first example of observations so disposed, as to eliminate in 
some measure the disturbing effect of the wind. To apprehend 
how this may be done, let us suppose a current of wind to blow 
uniformly with any velocity from one station A to another B, at 
any distance, and at these two stations let shots be fired. The 
sound of the shot fired at A will then be accelerated, and that oi 
the signal at B will be retarded, in traversing the interval, by equal 
quantities ; and consequently (since the velocity of sound is very 
much greater than that of the most violent wind) the time in which 
the sound runs over the line from AioB will be diminished, and 
that in which it passes from Bio A increased, by nearly equal quan- 
tities ; so that the mean will be unaffected by the wind's velocity. 

d. A great number of exact experiments have been made during 
the present century by eminent philosophers, and every precau- 
tion has been taken to avoid errors, particularly, by the Dutch and 
Parisian observers. The following: is a tabular view of their re- 
suits, reduced to the fireezing temperature. 

Table. Velocity of Sound as determined by various experiments during the 
present century, and reduced to the freezing temperature. 



Observers' Names. 



Benzenberg (Dusseldorff), . . . 

Arago, Matlhieu, Prony, Bouvard, > 
Humboldt, ) 

Moll, Vanbcek, Kuytenbrouwer, . 

Gregory, 

Myrbach, 

Goldingham (Madras), .... 



Date of De- 
termination. 
A. D. 



1809 
1822 
1823 

1823 

1822 

1821 



Distance of 

Stations in 

Feet. 



29764 



61064 



57839 

{various 
2700 to 
13460 

32615 

29547 
13932 

Mean 



Velocity in 

English Feet 

per second. 



1093 

1086.1 

1089.42 

1088.05 

1092.1 

1089.9 
1079.9 

1086.7 
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Circumstances affeciing the Intensity of Sounds. 

The agreement between the above results is very close ; their 
extreme discrepancy being less than 7 feet, or a 160th of the whole 
amount, and their mean (1089.7) agreeing almost precisely with 
the result of Moll, Vanbeek, &c. ; 1090 feet may therefore be 
adopted without hesitation, as a whole number which does not differ 
more from the truth, than was stated at the head of this section. 
The grounds of the correction for temperature will be explained 
hereaffter. 

6. Other circumstances except the wind and the 
temperature ; such as the amount of barometric pres- 
sure ; the hygrometrical state of moisture or dryness ; 
the actual weather, whether fog, rain, snow, sunshine, 
&c. ; the nature of the sound itself, whether produced 
by a blow, a gunshot, the voice, a musical instrument ; 
its pitch, quality, intensity ; the original direction 
impressed on the sound, — by turning for instance the 
muzzle of a gun in one direction or the other ; the 
nature and position of the surface over which the sound 
is conveyed, whether smooth or rough, horizontal or 
sloping, moist or dry, &c. do not materially aflfect 
the velocity of sound. But many, indeed all, have a 
very powerful influence on its intensity, or the loud- 
ness of the sound, as it reaches the ear from a given 
distance. 

a. Derham found that fogs and falling rain, but especially snow, 
tend powerfully to obstruct the free propagation of sound, and 
that the same effect was likewise produced by a coating of fresh 
fallen snow on the ground, though, when glazed and hardened at 
the surface by freezing, it had no such influence. Over water, or 
a surface of ice, sound is propagated with remarkable clearness and 
strength. Dr. Hutton relates that, on a quiet part of the Thames 
near Chelsea, he could hear a person read distinctly at 140 feet 
distance, while on the land the same could only he heard at 76. 
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Lieutenant Foster, in the third Polar Expedition of Captain Parry, 
found that he could hold a conversation with a man across the 
harbour of Port Bowen, a distance of 6696 feet, or about a mile 
and a quarter. This, however remarkable, falls far short of what 
is related by Dr. Young, on the authority of Derhara, viz., that at 
Gibraltar, the human voice has been heard ten miles, (perhaps 
across the Strait.) 

Guns fired at Carlscroom were heard across the southern ex- 
tremity of Sweden as far as Denmark; 80 miles, as Derham 
states from memory, but according to the map at least 120. 

< Dr. Hearn, a Swedish physician, relates that he heard guns fired 
at Stockholm, on the occasion of the death of one of the Royal 
Family, in 1685, at the distance of 30 Swedish, or 180 British 
miles. 

The <;annonade of a sea-fight between the English and Dutch, 
in 1672, was heard across England as far as Shrewsbury, and even 
in Wales, a distance of upwards of 200 miles from the scene of 
action. 

6. That sounds of all pitches, and of every quality, travel with 
equal speed, we have a convincing proof in the performance of a 
rapid piece of music by a band at a distance. Were there the 
slightest diflFerence of velocity in the sounds of ' diflFerent notes, 
they could not reach our ears in the same precise order, and at the 
exact intervals of lime, in which they are played, nor would the 
component notes of a harmony, in which several sounds of differ- 
ent pitch concur, arrive at once. M. Biot caused several airs to 
be played on a flute at the end of a pipe 951 metres, or 3120 feet, 
long, which were distinctly heard by him at the other end, without 
the slightest derangement in the order or intervals of sequence of 
the high and low notes. 

7. A very material difference is also observed in 
the intensity with which sounds are propagated, or 
the distances to which they may be heard with equal 
distinctness. When they are prevented from spread- 
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Effect of Pipes and Walls. 

ing and losing themselves in the air, whether by a 
pipe, by the vicinity of an extensive flat surface, as a 
wall, or otherwise. 

a. This we observe familiarly in speaking pipes conducted from 
one apartment to another of a building. In the experiments already 
cited of M. Biot, a person being stationed at one end of the enor- 
mdus tube above mentioned (which was a combination of cast iron 
conduit pipes laid down for the supply of Paris with water, forming 
a continuous canal of equal internal diameter throughout, and 
having two flexures about the middle of its length), the lowest 
whisper at one end was distinctly heard at the other, so that, in 
fact, the only way not to be heard was not to speak at all. Nay, 
so faithful was the transmission of every agitation of the air, whether 
sonorous, or otherwise, along the pipe, that a pistol fired at one 
end actually blew out a candle at the other, and drove out light 
substances placed there with considerable violence. 

At Carisbrook Castle, near Newport, in the Isle of Wight, is a 
well, 210 feet in depth and 12 in diameter, into which if a pin be 
dropped, it will be distinctly heard to strike the water. The inte- 
rior is lined with very smooth masonry. 

b. It is evident, without entering into any nice theoretical con- 
siderations, that a mechanical impulse of whatever nature impressed 
on any portion of the air or other medium, whether fluid or solid, 
and thence communicated to the surrounding parts, if allowed to 
spread in all directions as from a centre, must reach every more 
distant point with an energy continually less and less ; because the 
same quantity of motion is communicated in succession to a larger 
and larger sphere of inert matter ; but if only allowed to spread in 
certain directions, its diminution will be less rapid, in proportion as 
the quantity of matter successively put in motion increases less 
rapidly. Hepce a sound might be expected to be conveyed with 
less diminution along a wall than in the open air, the trough or 
angle between the wall and the ground, in fact, forming two sides 
of a square pipe, and the divergence of the sound in two directions 
being thereby in a great measure prevented. 

2 
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Dr. Hutton relates, that part of the wall of a garden, formerly 
in the possession of W, Pitt Esq. of Kingston, in Dorsetshire, con- 
veys a whisper in this way nearly 200 feet. It is probably to some 
such principle that we must refer a fact mentioned by the last 
named author, which at first sight appears surprising enough. He 
relates that when a canal of water was laid under the pit floor of 
the Theatre Del Argentina, at Rome, a surprising difference was 
observed. The voice has since been heard very distinctly when 
it was befpre scarcely distinguishable. It is a general remark that 
sounds are well heard in buildings which stand on arches over 
water. The cause of this, however, seems to be the echo ^pro- 
duced between the water and the arch which unites with, and 
reinforces, the original sound. 

8. When sound in the course of its propagation 
meets with an obstacle of sufficient extent and regu- 
larity, it is reflected, producing the phenomenon we 
call an echo. A wall, the side of a house, *or the 
surface of a rock, the ceiling, floor, and walls of an 
apartment, the vaulted roof of a church, all, under 
proper circumstances, give rise to echos more or less 
audible: The reflected sound meeting another such 
obstacle is again reflected, and thus the echo may be 
repeated many times in succession, becoming, how- 
ever, fainter at each repetition, until it dies away 
altogether. 

An echo in Woodstock Park (Oxfordshire) repeats 17 syllables 
by day, and 20 by night. One on the bai?ks of the Lago drf Lupo, 
above the fall of Terni, repeats 15. 

In the Abbey Church of St. Alban's is a curious echo. The 
tick of a watch may be heard from one end of the church to the 
other. In Gloucester Cathedral, a gallery of an octagonal form 
conveys a whisper 75 feet across the nave. 
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An echo on the north side of Shipley Church, in Sussex, re- 
peats 21 syllables. 

In the Cathedral of Girgenti, in Sicily, the slightest whisper is 
borne with perfect distinctness from the great western door tp the 
cornice behind the high altar, a distance of 250 feet. By a most 
unlucky coincidence, the precise focus of divergence at the former 
station was chosen for the place of the confessional. — Secrets 
never intended for the public ear thus became known, to the dismay 
of the confessors, and tlie scandal of the people, by the resort of 
the curious to the opposite point (wliich seems to have been dis- 
covered accidentally), till at length, one listener having had his 
curiosity somewhat over-gratified by hearing his wife's avowal of 
her own infidelity, this tell-tale peculiarity became generally 
known, and the confessional was removed. 

In the Whispering Gallery of St. Paul's, London, the faintest 
sound is faithfully conveyed from one side to the other of the 
dome, but is not heard at any intermediate point. 

In the Manfroni Palace at Venice is a square i'oom about 25 
feet high, with a concave roof, in which a person standing in the 
centre, and stamping gently with his foot on the floor, hears the 
sound repeated a great many times ; but as his position deviates 
from the centre the reflected sounds grow fainter, and at a short 
distance wholly cease. The same phenomenon occurs in the large 
room of the Library of the Museum at Naples. 



9. Sound reflected from a plane surface does not 
spread equally in all directions into the surrounding 
air ; but it has a tendency to confine itself to a direc- 
tion equally inclined to the reflecting surface with that 
in which it approached this surface. 

Sir John Herschel, assisted by Mr. Babbage, made some experi- 
ments with regard to the reflection of sound, in a peculiarly 
favorable situation beneath the suspension bridge across the Menai 
strait in Wales, where there is a remarkably fine echo. The sound 
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Situations favorable to Echos. 



of a blow on the middle of one of the piers at A (fig. 1.) was 
returned to the same point from the opposite pier B, at a distance 
of 576 feet. But as the auditor deviated to either side of A, the 
return was proportionably fainter, and was scarcely heard by him 
when his station was at C, a little beyond the extreme edge of the 
pier ; though another person stationed at C^ (on the same side of 
the water), at an equal distance from A, heard it well. 

10. The most favorable position for the production 
of a distinct echo from plane surfaces is, when the 
auditor is placed between two such, exactly half way. 

In this situation the sounds reverberated from both will reach 
bim at the same instant, and reinforce each other. If nearer to one 
surface than the other, the one will reach him sooner than the other, 
and the echo will be double and confused. 

11. If the echoing surface be concave towards the 
auditor, the sounds reflected from its several points 
will, after reflection, converge towards him, exactly as 
in the more familiar instance of reflected rays of light ; 
and he will receive a sound more intense than if the 
surface were plane, and the more so the nearer it 
approaches to a sphere concentric with himself; the 
reverse if convex. If the echo of a sound excited at 
one station be required to be heard most intensely at 
another, the two stations ought to be conjugate foci of 
the reflecting surface, i. e., such that, if the reflecting 
surface were polished, rays of light diverging from one 
would be made after reflection to converge to the 
other. Hence if a vault be in the form of a hollow 
ellipsoid of revolution, and a speaker be placed in one 
focus, his words will be heard by an auditor in the 
other, as if his ear were close to the other's lips. The 
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same will hold good if the vault be composed of two 
segments of paraboloids, having a common axis, and 
their concavities turned towards each other ; only in 
this case, sounds excited in the focus of one segment 
will be collected in the focus of the other, after two 
reflections. 

An attention to the doctrine of echos is of some, though we 
think a rather overrated, importance to the architect in the con- 
struction of buildings intended for public speaking or music, espec- 
ially if they be large. In small buildings the velocity of sound is 
such, that the dimensions of the building are traversed by the 
reflected sound in a time too small to admit of the echo being 
distinguisiied from the principal sound. In great ones, on the other 
hand, as in churches, theatres, and concert rooms, the echo is heard 
after the principal sound has ceased ; and if the building be so 
constructed as to return several echos in very different tirfafes, the 
effect will be unpleasant. It is owing to this that in cathedrals 
the service is usually read in a sustained uniform tone, rather that 
of singing than speaking, the voice being thus blended in unison 
with its echo. A good reader will time his syllables, if possible,. 
so as to make one fall in with the echo of the last, which will thus 
be merged in the louder sound, and produce less confusion in his 
delivery. For music, in apartments of moderate siize, all objects 
which can obstruct the free reflection of sound from the walls, floor, 
and ceiling are injurious. The echo is not sensibly prolonged after 
the original sound, and therefore only tends to reinforce it, and is 
of course highly advantageous. In large ones, an echo can only 
be advantageous in the performance of slow pieces (as church 
music). The prolongation of a chord, after the harmony is 
changed, can be productive of nothing but dissonance. When ten 
notes succeed one another in a second, as is often the case in 
modem music, the longitudinal echo of a room, 55 feet long, will 
precisely throw the second reverberation of each note on the prin- 
cipal sound of the following one wherever the auditor be placed ; 
which, in most cases, will produce (in so far as it is heard) only 
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discord. Much mistake seems to be prevalent on this subject. 
Thus it is said that the form of an orchestra should be parabolic^ 
&c., and that the rays of sound should be reflected out in parallel 
lines to the audience. But even if they were so, the reflected 
sounds could not possibly reach them in the same time with the 
direct ; and in acoustics it is of little moment in what direction 
sounds reach the ear, which is not, like the eye, capable of appre- 
ciating direction with any precision, or collecting the rays or waves 
of sound to a focus within the ear. It is not possible to place a 
whole band in the focus of a parabolic or elliptic orchestra, or a 
whole audience in that of a corresponding opposite segment. We 
may add, loo, that an apartment would be worse lighted, were its 
internal surface a polished semi-ellipsoid with a candle in the focus, 
than if it were of the usual shape, and its walls and ceilings a 
dead white. The object to be aimed at in a concert-room is, not 
to deafen a favored few, but to fill the whole chamber equally 
with sound, and yet allow the echo as little power to disturb the 
principal sound, by a lingering after-twang, as possible. But, 
whether for music or for oratory, open windows, deep recesses, 
hangings, or carpeting, and a numerous audience in woollen clothing, 

are all unfavorable to good hearing. They are to sound, what black 

• 

spaces in an apartment would be to light ; they return back none, 
or next to none, of what falls on them. Their fault is not so much 
that they reflect it irregularly, as that they do not reflect it at all. 

12. The rolling of thunder and its sudden and capri- 
cious bursts and variations of intensity arise partly 
from the echos among the clouds, and partly from the 
zigzag course of the lightning. 

a. As clouds are collections of particles of water which, however 
minute, are yet in a liquid stiite, and therefore each is individually 
capable of reflecting sound, there is no reason why very loud 
sounds, like bright lights, should not be reflected confusedly ; 
and that such is the case, has been ascertained by direct observa- 
tion on the sound of cannon. Messrs. Arago, Matthieu, and Prony, 
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Thunder. 



10 their experiments oq the velocity of sound, observed, that under 
a perfectly clear sky, the explosions of their guns were always 
heard single and sharp ; whereas when the sky was overcast, or 
even when a cloud came in sight over any considerable part of the 
horizon, they were frequently accompanied with a long continued 
roll like thunder, and occasionally a double sound would arrive 
from a single shot. 

J. To understand the other source of the irregularities of thunder, 
we must premise that, cceteris paribus, the estimated intensity of a 
sound is proportional to the quantity of it (if we may so express 
ourselves) which reaches the ear in a given time. Two blows 
equally loud, at precisely the same distance from the ear, will sound 
as one of double the intensity ; a hundred, struck \xx an instant of 
time, will sound as one blow a hundred times more intense, than if 
they followed in such slow succession that the ear could appreciate 
them singly. 

Now let us conceive two equal flashes of lightning, each four 
miles long, both beginning at the same point, but the one running 
out in a straight line directly away from the auditor ; the other describ- 
ing an arc of a circle having him in its centre. Since the velocity 
of electricity is incomparably greater than that of sound, the thun- 
der may be regarded as originating at one and the same instant in 
every point of the course of either flash. But it will reach the 
ear under very different circumstances in the two cases. In that 
of the circular flash, the sound from every point will arrive at the 
same instant, and affect the ear as a single explosion of stunning 
loudness. In that of the rectilinear flash, on the other hand, the 
sound from the nearest point will arrive sooner than from those at a 
greater distance ; and those from different points will arrive in 
succession, occupying altogether a time equal to that required by 
sound to run over four miles, or about twenty seconds. Thus the 
same amount of sound is in the latter case distributed uniformly 
over 20 seconds of time, which in the former arrives at a single 
burst ; of course, it will have the effect of a long roar, diminishing in 
intensity as it comes from a greater and greater distance. If the 
flash be inclined in direction, the sound will reach the ear more 
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compactly (i. e. in shorter time from its commencement), and be 
propArtionably more intense. 

If (as is almost always the case) the iSash be zigzag, and com- 
posed of broken rectilinear and curvilinear portions, some concave, 
some convex to the ear ; and if, especially, the principal trunk 
separates into many branches, each breaking its own way through 
the air, and each becoming a separate source of thunder, all the 
varieties of that awful sound are easily accounted for. 



CHAPTER II. 

MATHEMATICAL THEORY OF THE PROPAGATION OF SOUND. 

13. A GENERAL notioii of the mode in which an im- 
pulse communicated to one portion of air, or other elastic 
fluid, is difiused through the surrounding portions, and 
successively propagated to portions at a greater and 
greater distance from the original source of the motion, 
may be obtained by considering the way in which a 
tremor runs along a stretched cord, or in which waves, 
excited in the surface of still water, dilate themselves 
circularly, and propagate a motion impressed on one 
point of the surface, in all directions to a distance. 

a. In the case of the stretched cord, conceive a blow given to 
a point in the middle of the cord transversely to its length. The 
point to which the blow is given will be thrown out of the straight 
line, and a flexure or angle will be formed in that part. Owing, how- 
ever, to the inertia of the cord, the displacement of the particles 
in the first instant will be confined to the immediate neighbourhood 
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of the point of impulse ; so that the cord will not at once asssume 
the state represented in fig. 2., consisting of two straight portions 
AB, BC, forming a very ohtuse angle ABC ; but rather that in 
fig. 3.5 in which the greater part on either side ADy EC retain 
their original position ; and a small part DBE, proportioned to the 
violence and suddenness of the blow, is, as it were, bulged out into 
an angular form DBE, The particle at B then is solicited on 
both sides by the tension of the cord in directions BD, BE; but 
these tensions, which in the quiescent state of the string exactly 
counteracted each other, now only do so in respect of those parts of 
each which, when resolved, act in directions parallel to DA, EC 
respectively. The other resolved portions, perpendicular to them, 
conspire and urge the point B towards its point of departure b. 
As there is no force to counteract this (the impulse being supposed 
momentary), B will obey their solicitation, and approach b with an 
accelerated velocity. But, action and reaction being equal and 
contrary, the same force by which the molecule E drags B down^ 
will be exerted on E to drag it up, or out of the line ; and it will 
be the same with the point D. There will, then, be an instant 
when the cord will have assumed the figure AD'DBEEC, But 
the acquired velocities of the points J?, D, and E urge them on- 
ward, the first towards the line and the other two from it ; and at 
the next moment the forces are reversed, B tending to drag both 
D and E down to the line. But the momentum of B is expended 
in the efifort, and by the time it has reached its original place in the 
line, its inertia is destroyed, and it rests there without a tendency 
to go beyond it on the other side. Meanwhile, however, D and E 
have attained their greatest elevation ; and thus the protuberance 
DBE is resolved into two D'DB and BEE (of less height, how- 
ever) on either side. In like manner the particles D and jB, in 
returning to their places, drag up the next adjoining D^ and i?, and 
then the next, and so on ; and thus the summits of the protuber- 
ances advance along the line, and correspond in succession to all its 
points, and the visible effect is an undulation or wave, which runs 
along the cord with a vdocity greater, the greater is the force with 
which the cord is strained, as it manifestly ought to be, since the 

3 
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A Wave is a moving Form. 

rapidity with which each molecule returns from its displaced situa- 
tion is greater, as the force urging it is so ; and this force is nothing 
more than the resolved part of the tension. 

J. When a wave is excited in water by throwing in a stone, one 
portion is violently driven down and the surrounding part heaped 
up above its natural level. The ridge subsides and fills up the 
vacuity ; but as its pressure is the same on both its sides, it also 
forces up the fluid outside of it, and thus forms an exterior ridge. 
This new ridge, in subsiding, forms still another ridge ; and thus 
an advancing wave is formed ; and the same action, taking place 
on all sides of the centre, the wave advances equally in every 
direction. 

c. It is by no means intended, in what is here said, to give an 
accurate account of what passes in either of these cases, (in fact, 
it is very far from being so, as the reader by a little attention will 
sooti perceive,) but only to give a first conception of the propaga- 
tion of motion by undulations or waves. 

» 

14. A wave is the form, space, or outline, whether 
linear or superficial, comprehending all the particles 
of an undulating body which are at once in motion. 

In the preceding cases, it must be observed that the wave which 
advances on the surface of the water — the sinuosity which runs 
along the stretched cord — are neither of them things, but forms. 
They are not moving masses advancing in the direction in which 
they appear to run, but outlines or figures, which at each instant of 
time include all the particles of the water or the cord which, it is 
true, are moving, but whose motion is in fact iramver^ to the direc- 
tion in which the waves advance. But this is by oo means an 
essential condition. 

15. The motion of a wave is carefully to be distin- 
guished from that of the particles which it includes, 
and its velocity is altogether independent of the extent 
of their excursions from the state of rest. 
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Waves in a Field of standing Com. 



a. The waves in a field of standing corn, as a gust of wind 
passes over it, afford a familiar example of the relation between 
the motion of the wave and that of the particles of the waving 
body, and of the mutual independence which may subsist between 
these two motions. The gust in its .progress depresses each ear 
in its own direction, which, so soon as the pressure is removed, not 
only returns, by its elasticity, to its original upright situation, but 
by the impetus it has thus acquired, surpasses it, and bends over as 
much, or nearly as much, on the other side ; and so on alternately, 
oscillating backwards and forwards in equal times, but continu- 
ally through less and less spaces, till it is reduced to rest by 
the resistance of the air. Such is the motion of each individual 
ear ; and as the wind passes over all of them in succession, and 
bends each equally, all their motions are so far similar. But they 
differ in this, that they commence not at once but successively. 

Suppose (to fix our ideas) the wind runs over 100 feet in a 
second, and that the ears stand one foot asunder, and each makes 
one complete vibration to and fro in two seconds. Supposed (fig. 4.) 
to be the furthest point which the wind at any given instant of time 
has reached, or the last ear which it has just bent, and let the 
action of the wind be regarded as lasting only for a single instant. 
Then will the next preceding ear B have already begun to rise 
from its bent position, the next C will have risen rather more, and 
the 50th ear G (since the distance AG is 50 feet, and conse- 
quently since -^ =: |- of two seconds have elapsed since the wind 
was at G) will have gone through one fourth of its complete vibra- 
tion to and fro, and will have just attained its upright position ; 
so that the ears F, E immediately adjacent towards A will not yet 
have quite recovered their perpendicularity, but still lean somewhat 
forwards ; while those on the other side H, I will have surpassed 
the perpendicular, and have begun to sway backwards; conse- 
quently at G the stalks will on both sides be convex towards G, 
and the ears in that place will be further asunder than in their state 
of rest, and will appear as it were rarefied when viewed by a spec- 
tator so distant as to take in a great extent at once. 
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_ Still further in rear of the wind, as 100 feet, at i, the 100th ear 
will have swung backwards as far as possible, and will just have 
its motion destroyed. The preceding stalk, K, will still want some- 
thing of its extreme backward flexure ; the subsequent one, M, will 
already have risen a little, and therefore the interval of the ears JT, 
JVwill be just what it was in the state of rest. At i, then, the 
spectator will see the ears at their natural distances from each 
other. Again the 150th stalk, Q, in rear of the wind will have 
had time to rise again erect from its backward inclination, three 
fourths of two seconds having elapsed since its first bending forward. 
The 149lh, P, will not be quite erected ; the 151st will have sur- 
passed the' erect state, and have again begun to lean forward. The 
stalks then on both sides of Q will curve towards Q, and their ears 
will therefore be closer together than in their natural state, and will 
appear to be condensed. 

Finally the 199th, 200th, and 201st ears will be again in the same 
relative stale as the 99lh, 100th, and 101st; only leaning forwards 
instead of backwards, and therefore neither condensed nor rarefied. 

The field, then, will present to the spectator a series of alternate 
condensations and rarefactions of the corn ears, separated by 
intervals in their natural state of density ; and this series will ex- 
tend so far in rear of the wind, till the resistance of the air and 
want of perfect elasticity in the stalks shall have reduced them to 
rest, and these alternations, by the difference of shading they ofier, 
will become apparent to his sight as dark and bright zones. 

b. It matters not for our present purpose, that the impulse is, in 
the case here taken, not propagated mechanically from ear to ear 
by mutual impulse, but that each moves independently of all the 
rest. All we want to illustrate is the distinction between the wave 
and the moving matter^ and the independence of their motions. The 
waves here run along with the speed of the wind, whatever that 
may be ; for it is always the point 50 feet in rear of the wind that 
is most rarefied, and that at 150 that is most condensed ; and the 
interval between the 1st and the 200th ear, comprehending ears 
in every state or phase of their vibrations is what we term a wave. 
The velocity of the wave is in this case then that of the wind, and 
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is totally distinct from and independent of that of each or any par- 
ticular ear. The one is a constant, the other a variable quantity ; the 
one a general resulting phenomenon, the other a particular, individual, 
mechanical process, going on according to its own laws. 

c. Neither is it of the least consequence, whether the excursions 
of the several stalks from their position of rest be great or little ; 
whether the degree of bending, or force of the wind, be great or 
small, provided its velocity be, constant. In the case of wind, 
indeed, the force depends on the velocity ; but if we conceive the 
impulse given by a rigid rod, made to sweep across the field, any 
greater or less degree of flexure might be given, with the same 
velocity, by a mere change of its level ; but the velocity of the 
wave would still be that of the rod in every case. 

16. The breadth of a wave is equal to the space 
run over by it in a time equal to that in which any 
molecule of the waving body performs one complete 
vibration, going and returning, through all the phases 
of its motion. 

a. In the above example, the breadth of the wave was 200 feet, 
the jspace run over by the wind and wave in two seconds, the 
time of one complete vibration of a stalk ; and the same result 
would have been obtained in any other case. 

b. In the case here taken, the motion of the individual molecules 
b not, as in the former instances, transverse to that of the wave, 
but parallel to it. It is then hardly to be termed a form or an ottt- 
line. To such a wave the term pulse is often applied. Whatever 
be the nature of the internal motions, however, the general name 
wave or undulation will equally apply, and will be used in future 
indiscriminately for all sorts of propagated impulses. It is not even 
necessary that the motions of the constituent particles should be 
rectilinear, or even lie in one plane. We may suppose the im- 
pelling cause to be a whirlwind. In this case each ear will have a 
rotatory or twirling motion, or the stalk a conical one simply, or in 
addition to its flexure in a vertical plane. But the breadth of the 
wave is independent of these particularities, and only changes 
with its velocity and the time of the vibration of the molecules. 
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17. The problem to investigate the general laws of 
the propagation of sound is one of the utmost com- 
plexity, and has been resolved only under very re- 
stricted conditions ; enough, however, to verify prin- 
cipal facts, and establish leading points, in the doctrine 
of Acoustics. We shall be far from attempting to 
present here any thing approaching to a sketch of the 
profound geometrical researches which have been 
bestowed on this department of physics, by Euler, 
D. Bernouilli, Lagrange, Poisson, &c. ; but shall con- 
fine ourselves to just so much developement of the 
mathematical analysis of the subject, as will suffice for 
the demonstration of the chief theoretical propositions 
we shall have occasion for in the sequel. 

18. It is required to investigate the propagation of 
sound in a straight canal of equal bore throughout, 
filled with air or any other elastic fluid of equable 
density and elasticity, unacted on by gravity, and of 
which the transverse section is so small, and the sides 
so perfectly polished, that we may regard the motions 
of all particles in the same section as exactly similar ; 
so that each section shall merely advance or recede in 
the pipe, without any lateral change of place of its con- 
stituent molecules inter se. 

a. Let AB (fig. 5.) be such a pipe, and let any section of it, 
as A, be agitated by an external cause, with any arbitrary motion, 
i. e. one whose duration and extent, and whose velocity at every. 
instant shall be entirely dependent on the will, or, if we please, the 
caprice of an external operator sufficiently powerful to command 
it ; and let us inquire how any other section whatever, situated at 
any assigned distance, x, from A, will move in consequence of this 
arbitrary motion of A. 
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Propagation of Sound in Air of one dimension. 

b. Let us then conceive, that, in general, the section or stratum 
of the molecules a abb, whose distance from the initial place A 
of the section A is represented by a?, shall, after the ia^jiC of any 
time t^ have been transported into the situation a a /?/?, at a 
distance A a =z y from the same fixed point A. Let a/ o(/^y &c. 
be the distances of the next consecutive sections from the fixed 
point ^, in their state of rest, and y^, y^\ &c. their distances after 
the lapse of the same time t. Then will 

a/ — a? = dxyocf' — a/ = rf a?', a/^^ — jf' = d a/^, &c. 

be the thicknesses (supposed infinitely small) of these strata, or the 
spaces occupied by them (taking the area of the section for unity) 
in their quiescent state, and 

y' — y = ^y> y" — y' = ^y'^ y'" — y" = dy", &c. 

the same in their state . of motion. Now as these strata were in 
contact at the origin of the motion, and are held together by the 
pressure of the surrounding fluid, they will remain in contact, and 
advance and recede along the pipe as one mass, only the space 
they will occupy at different points of their motion will be variable, 
according to the degree of condensation or dilatation they may have 
undergone in virtue of their motion itself. If, for instance, at any 
moment the hinder of them df y be in the act of urging forward 
the next A y'^ it will be condensed ; if retreating, rarefied in com- 
parison with the state of the preceding one i y,', 

c. Now any stratum of molecules d y\ interjacent between two 
others d y and d y'^, can only undergo a change in its velocity 
when urged by some force, and the only force which can urge it 
is the difference of pressures it may experience on its two faces by 
the difference (if any) of the elasticities of the adjacent strata dy** 
and d y. If we can estimate this, the laws of Dynamics will 
enable us to express the consequent change of motion. 

To this end, then, let the elasticity of the air in its quiescent 
state be represented by £, which is a given quantity, and is meas- 
ured by the weight of a column of mercury sustained by it, or by 
the length of a homogeneous column of air of the same den- 
sity, whose weight shall su£5ce to keep it so compressed, or be 
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equal to that of the column of mercury in the barometer. Then, 
since the elasticity of air is inversely as the space it occupies, 
(cateris paribus), 

dy : dx : : elasticity of the air when occupying dx = E 

dx 

: its elasticity when occupying d y =: E -r-. 

Similarly the elasticities of the air occupying d y* and d y'^ are 

d x' d x" 

represented by E . -7—7 and E ;t— 7,. Hence the plane separat- 

ing the strata d y and dy^ will be pressed forward by the elasticity E 

d X d x! 

-r-, and backward by E . -r-. So that it will, on the whole, be 

dy' ^ dy' 

urged forward by the force 

\«y dyj dy 

, X. idx\2 d^ y 
= +^'\d-y) Tx^ 

the differentials being taken on the^ supposition that dxh constant, 
or that dx^dxf dxf' , &c. are originally equal. 

Now if we denote by H the length of a homogeneous column of 
air necessary to counterbalance the elasticity of the quiescent air, 
and by D its density, we have 

BD = its weight = the elasticity JE, 

and 

da/.D = rfa?.D = the weight of the stratum d x\ 

^ 7 

= -==:. a a?. 

JU 

Thus, then, the moving force E i-^\ -^ is exerted in urging 

E 

forward a weight = -=. . d a?. 
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rf. Now the distance of the mass thus ur^ed from the fixed 
poirtt A, at the expiration of the time i, is y\ Hence the velocity 
of the particle dy^ or, which comes to the same, of the particle dy 

ft u 

in contact with it is -7-^ ; the increase of velocity during the instant 

. d^ y 
d t is -j^ ; and we have by Dynamics 

H d t^ [^ \dyf dx^ 



or 



Jdyy d^ y _n ^ rrd^ y ,j . 



where 



\ 



^= 32 . 180 British standard feet, 



gravity being the unit of accelerating force, and t being expressed 
in mean solar seconds ; and all linear quantities such as H, a?, y 
being expressed in feet. 

c. This is, in fact, an equation of 'partial differentials, y being 
at once a function both of x the original distance of the stratum 
d X from the origin of the motion, and of t the time elapsed. In 
its present form, simple as it appears, it is altogether intractable and 
incapable of integration. In fact, it embraces a class of dynamical 
problems of very great complexity ; for it is evident that, since no 
hypothesis has been made in any way limiting the extent of the 
excursions of the original or subsequent strata from their points of 
quiescence, this equation must contain the general expression of all 
possible motions of elastic fluids in narrow pipes, whether great, as 
when urged by pistons or driven by bellows, or small, as are the 
tremors which cause sound. In the theory of sound we suppose 
the agitations of each molecule so minute as not to move it sensibly 
ftem its point of rest. Experience confirms this. Sounds trans* 
mitted through a smoky or dusty atmosphere cause no visible mo- 
tion in the smoke or floating dust, unless the source of sound be so- 
near as to produce a mnd^ which, however, is always insensible at 

4 
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a very moderate distance. If we introduce this condition, the 
equation (I.) admits of integration ; for the whole amount of motion 
of each molecule being extremely minute, their differences for con- 
secutive molecules, or the amount of the rarefactions and condensa- 
tions undergone must be much more so. Hence the value of -^ 

ax 

which expresses the ratio of the condensation of the stratum dym 
motion and in rest, may be regarded as equal to unity, and the 
equation becomes simply, 

%y-^^su.p- (II.) 

which is the equation of sound regarded as propagated in one 
dimension, that of length, only ; or, as prevented from spreading 
laterally by a pipe. 

/. The complete integral of this equation is 

y = F{x-\- ^'IYh t)+f(x — ^rfH i) (HI.) 

where F and / denote arbitrary functions of the quantities within 
the parenthesis, and which must be determined by a consideration 
of the initial state of the iSuid, or by the nature of the motion 
originally communicated to its molecules. 

g. Let us, then, suppose that, at the commencement of the 
motion, we have impressed on each section of the fluid, along its 
whole extent, any arbitrary velocities and condensations, by any 
means whatever, so as to comprehend in our investigation all possi- 
ble varieties of initial motion, whether expressible by regular 
analytical functions, or depending on no regular law whatever. 

It is manifest that these conditions will be expressed by assuming 
arbitrary functions of a?, such as 9 {x) and ip {x) for the initial val- 
ues of the two partial differentials -- and ~ , whereof the former 

*^ at ax 

represents in all cases the velocity {v) of a particle which would 
be at the distance x from the origin of coordinates in the siate of 
equilibrium, and the latter the linear extent (e) of that particle 
compared with its original extent, to which it3 density and elasticity 
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State of any Molecule at any Instant. 

are reciprocally proportional. Now differentiating (III.) we get for 
the general values of v and e, 

e = ^£ = t'ix + V^lBi)-\-f'(x-^2jHt); (V.) 

consequently their initial values, making t ^0, will be 

<P (x) = V^lH (^P (x) —f (x)\, 

y,(x) = F'(x)+f(x); 
whence we get immediately 



f('')=2^^{v^e»i'(^)-'^(^))-' 



(VI.) 



g 
and multiplying hy dx and integrating 

and thus the forms of the functions F and / become known when 
those of <)p and ^ are given. 

A. The question of the propagation of sound, however, does 
not require us to concern ourselves with these functions, as a 
knowledge of the actual velocity and density of any molecule at 
any instant is sufficient for our purpose. Substituting then in 
(IV.) and (V.) the values of JP and / given in (VI.), we get 
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(VIII.) 

or, as it may be written, 

(IX.) 

+ i iq> {x — V2jHt) —^/2jHip (a? — \^^0)» 

(X.) 
— ^— ^== / 9 (a:— V275O — ^27:^ 

These are essentially the same expressions with those given by 
Euler and Poisson, and they comprise the whole theory of the 
linear propagation of sound. 

19. If the preceding formulas are applied to the 
case of a very small primitive disturbance, they lead 
to the result that the velocity of sound is uniform, is 
independent of the nature, extent, and intensity of 
this disturbance, and is expressed by V2gll = 916 
feet. 

a, If the initial disturbance is small, the initial state of the fluid 
must consist in a general repose of the whole of an infinitely ex- 
tended column, except a very small portion which we may suppose 
agitated by any arbitrary motion. This, in fact, is the simplest case 
of. tlie production of sound ; the primitive disturbance of the air 
being always confined within extremely small limits compared to 
the distances to which the sound is propagated. 
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Case of a small Initial Disturbance. 

Let US then conceive the initial disturbance to take place over 
a mioute length 2 a of the column, whose middle we will suppose 
to be at ^ the origin of coordinates. This amounts to supposing 
that, for every value of x not comprised within the limits 

X = — a, and x = -\- a, 

we have, for 9, and ip 

the initial velocity = 9 (x) = 0^ 
the initial extent of the particle = yj(x) = I; 

admitting them to have any arbitrary values between these limits. 

6. Let us now regard what happens only on the positive side of 
the origin of x, and consider the motions of the molecule which is 
at the distance x from this origin, x being greater than a. 

Since x is greater than a, x + \/¥gli • ^ being greater than a:, 
must also be greater than a, and, therefore; we must have 

g) (a? + \/2gH . t) = 

ip {x -{- \/2g~ff ^) = 1 

If, now, the time t is so small that 

X — \/2gH . t> a, 

or so large that x — s/igH . ^, becoming negative, we have 

X — ^2gH . t < — a, 

and, in either case, 

(p {x — \^TfH . = 0, 

^ {x—^Vg'H. = 1; 

and the general values of v and e (VII.) and (VIII.) become 

or the same as in the initial state of the fluid. 

The molecule at x remains at rest, then, until a time ^, such 

that 

X — s/2~gH . ^ = a, 
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Time of Vibration. 

or 

X — a 

and continues to move for a few instants, until a time t such 

that 

X — is/2g H . t = — a, 
or 

when it returns to its quiescent state, where it remains till disturbed 
by some other cause. 

c. The diflFerence between the preceding values of ty (XL) and 

(XIL) is the interval, during which the molecule continues to move 

equal to 

X -^^ a X — a 2 a 

V¥gH s/'TgH \/2 gH^ 

being the same for each successive molecule since it is independent 
of X. 

d. The time of which another molecule distant a?' from A, would 
commence its motions, is, in the same way, 

the diflFerence between which and the time t (XL) when the 
molecule at x began to move, is the time which it takes the sound 
to proceed from one molecule to the other, equal to 

x' — a X — a 



a — i = 



x' — X 



We have, therefore, for the velocity of the sound, 

1 . space 

velocity =^ -h — , 
time 

x^ — X 



*/2Tb; (Xni.) 
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Theoretical Velocity of Sound. 

which is independent of a, as well as of the arbitrary functions 9 
and ip ; so that all sounds travel witii the same uniform velocity. 

c. The numerical value of f>/2~gH must be obtained in order to 
compare theory with observation. To this end, if we call A the 
density of mercury, A the height of the mercury in a barometer 
exposed to the same pressure as the sounding column, and D the 
density of the air in it, H being the height of a homogeneous 
column of ^such air capable of counterbalancing the elasticity of the 
sounding fluid, we have 

J>: A:: A:If=A.^; 

and, calling V the velocity of sound, 

F=Vri-^=j2^A.^ . (XIV.) 

Now, at the freezing temperature, and in a mean state of baromet- 
ric pressure, we have, according to Biot, 

gg- = 32-180 feet, h = 2.4936 feet, 

^ = 10463 ; 

so that we obtain 

F= 916 feet. 

f. The great difference between this result of theory and the 
velocity of 1090 feet given by observation is too great a discrepanpy, 
to be attributed to any inaccuracy in the determination of the data, 
which are all of the utmost precision. It is evident, then, that 
there is something radically insufficient in the theory, as above 
delivered ; and, accordingly, geometers for a long while endeav- 
oured to account for it on various suppositions. The true ex- 
planation was reserved for the sagacity of Laplace. But before 
we state it, it will be necessary to consider what will be the 
effect of variations of temperature and pressure on the velocity, 
according to the principles already laid down, and the formula 
arrived at. 
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Effect of Temperature. 

20. The velocity of sound is not changed by any 
increase in the density of air caused by pressure. 

For at the same time that the density of the air is increased, its 
elasticity is increased, and precisely in the same ratio ; that is, the 
mass to be moved and the moving force are increased alike, and 
therefore the accelerating force remains unaltered. 

21. The velocity of sound is greater in warm than 
in cold air, and it increases 0-96 feet* for every 
additional degree of temperature on Fahrenheit's 
scale. 

a. An increase of temperature tends to dilate the air, and either 
renders it more elastic in the same space, or more rare with the 
same elasticity. Hence, on a variation of temperature, the moving 
force remains unaltered, while the mass to be moved decreases, and 
therefore an acceleration in all the resulting motions must arise. 

6. Let us denote by (D) the density of air in a mean state of 
barometric pressure A, at the freezing temperature, and by ( F) the 
velocity at this temperature. Since, by the experiments of Gay 
Lussac, air expands 0.002083 of its volume by every degree of 
increase of temperature on Fahrenheit's scale, its density under the 
same pressure at any other temperature t° above freezing is 



D = 



(D) 



1 + T . 0002083 ' 
consequently the expression for the velocity (XIV.) becomes 

V = Ug . h . -A- X (1 + T . 0-002083). (XV.) 

But we have . 

(F) = 916feet = j2g.A.-^; 

■ - I . ■ . ■ . . ■» ■ . . 

* The value 1*14 feet, which is given in the 5th section, is the same as that used 
by Herschel ; but on examining the calculation, there appears to have been a mis- 
take, which is here corrected, though it is of but little importance. 
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Heat developed in Air, in act of Compression. 



and therefore 

V 



= \/l + T . 0002083, 



=:= 1 + ^ T . 0-002083 = 1 + T . 0-001042, 

by neglecting the square, &c. of -002083 on account of its 
smallness. Hence 

V= {V){1 +T 0-001042) 

= 916 feet (1 + t 0-001042) (XVI.) 

= 916 feet + t . 0-96 feet 

or the velocity increases 0-96 feet for every additional degree of 
temperature above freezing, and decreases by the same quantity for 
each degree below freezing. 

22. The great difference between the observed 
velocity of sound and that obtained by theory arises 
from the developement of heat in the air from the com- 
pression which it undergoes. 

a. The law of Marriotte, which makes the elastic force of the 
air proportional to its density, and which has been employed in 
estimating the elasticity with which each molecule of the aerial 
column resists condensation, and transmits it to its neighbour, 
assumes that the temperature of the whole mass of air is alike, and 
undergoes no change in the act of condensation, and is therefore 
only true of masses of air which, after compression, are of the sattie 
temperature as before. But it is an ascertained fact, that air and 
all elastic gaseous fluids give out heat in the act of compression, 
i. e. actually become hotter, a part of their latent heat being 
developed, and acting to raise their temperature. This is rendered 
evident in the violent and sudden condensation of air by a tight- 
fitting piston in a cylinder, closed at the end. The cylinder, 
if of metal, becomes strongly heated; and, if a piece of tinder 
be enclosed, on withdrawing the piston it is found to have 
taken fire ; thus proving that a heat not merely trifling, but 
actually that of ignition, has been excited, of at least 1000^ 
of Fahrenheit's scale. Now, when we consider how small 

5 
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Heat developed in Air in act of Compression. 



the mass of air in such an experiment is, compared with that of the 
including vessel, which rapidly carries off the heat generated, it is 
evident that if air by any cause could be compressed to the same 
degree without contact of any other body, a very enormous heat 
would be generated in it. It would, therefore, resist the pressure 
much more than if cold ; and, consequently, would require a much 
more powerful force to bring it into that state of condensation than, 
according to Marriolte's law, would be necessary. 

Air, then, when suddenly condensed, and out of contact with 
conducting bodies, resists pressure more (i. e. requires a greater 
force to condense it equally) than when slowly con(lensed, and the 
developed heat carried off by the contact of massive bodies of its 
original temperature. In other words, it is under such circumstances 
more elastic^ and our analytical expression for its elasticity must be 
modified accordingly. The condensation of the aerial molecules in 
the production of sound is precisely performed under the circum- 
stances most favorable to give this cause its full influence ; the con* 
densation being so momentary that there is no time for any. beat to 
escape by radiation ; and the condensed air being in contact with 
nothing but air, differing infinitesimally from its own temperature ; 
so that conduction is out of the question. Let us see now bow 
this will affect the matter in hand. 

6. If we denote by t^ the degrees on the scale of Fahrenheit, 
by which the temperature of the molecules, while in motion and 
condensed, surpasses that of their quiescent state, the elasticity of 
the moving molecule is obtained with sufficient accuracy by multi- 

d X 

plying J5 . ^— the elasticity before obtained by 1 -j- t' . 0-002083. 

Now whatever be the law according to which the temperature 
of a mass of air is increased by a sudden diminution of its volume, it 
is obvious that for very small condensations, such as those considered 
ID the theory of sound, the rise of temperature will be proportional 

to the increase of density. But the increase of density is 1 — -r-^, 
heuoe we must have 



-^(-H) 
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k being a constant coefficient, whose magnitude may become known, 
either by direct experiment or by the very phenomenon under con- 
sidenttion. The preceding factor becomes, therefore, 

1 + T^ . 00020S3 = 1 + A:.0002083 (l — p\, 

= K— k . 0002083 ^, 

ax 

making 

K= 1 + At. 0-002083 ; 

and the elasticity of the condensed molecule is 
JB^^/jT—Jfc. 0002083 ^\ = ^/jST^ — Jfc. 0002063) ; 

dx 
and the moving force instead of being — E d . —,is 

— Ed. (k^^ — k . 002083^ = — EKd^^. 
\ di/ f dy 

This differs from the expression originally obtained only by the 
constant factor K. Without, therefore, going again through all the 
foregoing analysis, we see at once that the general equations of 
sound will be precisely as before, writing only K, H for H through- 
out. Making this change then in the expression for the velocity of 
sound, it becomes 

= \/2'g~ir(l + k . 0-002083), (XVIL) 

= J2g A A . JT . (1 -f T . 0-002083). 

c. The actual numerical value of the constant coefficient JTmay 
be determined, as we have before said, in two ways; either by 
direct experiment on the increase of temperature developed in a 
given volume of air by a given condensation, or by a comparison 
of the formula to which we have arrived with the known velocity 
of sound. As we have already observed, however, the circum- 
stances under which sound is propagated are far more favorable to 
the free and full production of the whole effect of the cause in 
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Numerical Value of K. 

question than those of any experiments in close vessels. We roust 
not, therefore, be surprised, if the value of K^ as derived from such 
experiments, should differ materially from its value deduced from the 
velocity of sound ; nor met versa, if the observed velocity of sound 
should diflFer materially from that obtained by calculation, from an 
experimental value of K. It is sufficient, in a philosophic point of 
view, to have pointed out a really existing cause, a vera caiLsa, 
which must act to increase the velocity, and is fully adequate to do 
so to the extent observed. 

d. We have seen that the numerical value of P" neglecting K 
is equal to 916 feet. The observed value on the other hand, is 
1090 feet. Hence we have the following equations for determin- 
ing Jfand i:, 

^2^5 =r 916 feet, 

whence we obtain 

1090 feet = 916 feet s/1^ 

Thq value of K has also been determined from some ingenious 
experiments made by Messrs. Clement and Desormes to be 

K= 1-35, 

whence the velocity at the freezing temperature comes out 

916 feet /v/Tls = 1064 feet, 

which falls short of the actually observed velocity only by about 
26 feet. M. Poisson has shown that an absorption of heat in the 
course of the experiments, which might very well happen, would 
completely reconcile the observed and theoretical velocities. 

Laplace, calculating on the experiments of Messrs. Welter and 
Gay Lussac, has since obtained a still nearer approximation to the 
theoretical Velocity, the difference amounting only to about 10 feet. 
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Application of the Formula to the Case of the Gases, &c. 



In inquiries of such delicacy, and where the effects of minute errors 
of experiment become so much magnified, it seems hardly candid 
to desire a more perfect coincidence. 



CHAPTER III. 

PROPAGATION OF SOUND IN GASES AND VAPORS. 

23. The analysis, by which we have in the foregoing 
articles determined the laws and velocity of the propa- 
gation of sound in air, applies equally, mutatis mutandis, 
to its propagation in all permanently elastic fluids, and 
in vapors, in so far as their properties are the same as 
those of gases. 

The formula (XVII.) expresses, then, the velocity of 
sound in all such media, provided for (D) we write 
instead of the density of atmospheric air that of the 
gas at the freezing temperature, and under the mean 
pressure h. 

In the case of vapors, we must suppose in calculat- 
ing the value of (D) that they follow the law of gases 
in their condensation, and that no portion of them 
undergoes a change of state to a liquid, by reduction to 
the standard temperature and pressure. 

Suppose the specific gravity of atmospheric air to be denoted by 
Sy and that of any gas or vapor under the same temperature by s* ; 
then if V and V be the velocities of sound in air and in the gas 
or vapor we have 
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V = j2gh. — K(l + T . 0-002083), 

V = hgh.^K (1+r. 0-002083); 
consequently, 

or _ _ (jy^.) 

whence the ratios oi s* : s and o{ K : K being known, the ratio 
of the velocities is also known. 

24 The developement of heat by sudden compres- 
sion appears to have nearly the same effect upon the 
velocity of sound in most gases and vapors, which it 
has in atmospheric air. This effect seems, how- 
ever, to be very much diminished in the case of hydro- 
gen. 

a. If the quantity of heat developed were precisely the same 
in gases and vapors, which it is in atmospheric air, we should have 

K = K, 

whence, by (XIX.), 



V 47 



or (XX.) 

P: F:: V?: VJ^. 
To compare this with experiment directly is impracticable, as 
DO column of any gas, but atmospheric air, can be obtained of suffi- 
cient length and purity to determine the velocity of sound in it by 
direct measure. Indirectly, however, the comparison may be per- 
formed by comparing the sounds of one and the same organ-pipe, 
filled with the gases to be compared, successively, . or by other 
means of a similar kind, of which more hereafter. 
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Velocity of Sound in various Gases and Vapors. 



The following table, which Herschel obtained from a very im- 
perfect and obscure abstract of ao inaugural dissertation of M. Van 
Rees, exhibits the velocities of sound, as deduced from the preced- 
ing hypothesis, and compared with experiments instituted by 
M. Van Rees, in conjunction with Messrs. Frameyer and Moll. 



Gas or Vapor. 



Oxygen (from Manganese) 

Azote, 

Hydrogen, 

Carbonic Acid, .... 
Vapor of Water at 154° F. 
Vapor of Alcohol at 140° F. 



Velocity of Sound i«duoed 
to Freezing. 


Theory. 


Experiment. 


Feet. 


FeeL 


1042 


1039 


1112 


1109 


4047 


3000 


888 


903 


1347 


1213 


862 


949 



The diflFerences in the columns probably arise from impurities in 
the gases, or difl^culty in estimating the exact pitch of sounds 
propagated by them. 

I, The preceding determinations are, of course, liable to con- 
siderable errors ; but the difference between the results of theory 
and experiment in the case of hydrogen is so great as to warrant a 
conclusion, otherwise not improbable, that the value of the coeffi- 
cient Km that gas (at least) is materially different from what it is 
in others. Experiments are hardly yet sufficiently multiplied to 
enable us to speak with certainty on this point ; but if by any 
means we are enabled to determine precisely the velocity of sound, 
in a gas, or indeed in any medium, the ratio of the values of this 
coefficient in it and in air may be obtained by the following pro- 
portion deduced from (XIX.) 



KiKfi.V^.siV^s'. 



(XXI.) 
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Intensity of Sound in different Media. 

Thus the specific gravity of pure hydrogen being to that of air 
as 0*0694 : 1, and the velocity of sound in it being to that in air 
as 3000 to 1090 we have 

Kin hydrogen : Kin air : : (3000)2 x 0-0694 : (1090)2 x 1 

: : -53 : 1 

so that the value of K in hydrogen would appear to be only half 
as great as in air, or only about 0*7. 

But if K were in reality less than unity, it would follow that 
heat was absorbed instead of being evolved in the compression of 
hydrogen, which is an evident absurdity. We cannot even suppose 
that hydrogen can be compressed without the developement of 
heat, although the same quantity of heat would raise the tempera- 
ture of hydrogen only one twelfth part as much as that of air, on 
account of the difference in their specific capacities for heat. This 
circumstance would, no doubt, go a great way to diminish the value 
of Kin the case of hydrogen; and we may suppose it to exceed 
unity by a very small quantity which may be neglected, and we 
shall have 3470 feet for the velocity of sound in hydrogen. 

25. But not only the velocity of sound differs in 
media of different chemical and mechanical natures. 
Its intensity, i. e. the impression it is capable of pro- 
ducing on our organs of hearing, also varies extremely 
with a variation in the density of the transmitting 
medium. 

a. This we have already remarked in the case of air, whether 
rarefied or condensed. Priestly enclosed a piece of clock work, 
by which a hammer could be made to strike at intervals, in a re- 
ceiver filled successively with different species of gas. The distan- 
ces at which sound ceased to be beard were measured. He thus 
found that in hydrogen the sound was scarcely louder than in a 
vacuum, (such a one as he could produce). In carbonic acid it 
was louder than in air, and somewhat louder also in oxygen. 
PeroUe has described some experiments not altogether in agree- 
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Singular Effect of Hydrogen in enfeebling Sound. 

ment with these. The distance at which a given sound ceased to 
be heard in atmospheric air being 56 feet, he found that in carbonic 
acid It was 48 only ; while in oxygen and nitrous gas the distance was 
63, and in hydrogen only 11. Chladni found the sound of hydro* 
gen gas in an organ pipe remarkably feeble and difficult to distin- 
guish, and that of oxygen stronger than that of atmospheric air, 
but remarked nothing particular in the case of carbonic acid. 

6. Leslie relates some very curious experiments, by which it 
should appear that hydrogen gas is peculiarly indisposed for the 
conveyance of sound. He rarefied the air of a receiver in which 
a piece of clock work was enclosed, striking a bell every half 
minute, 100 times ; and then introduced hydrogen gas, when no 
augmentation whatever of the sound took place. Yet more ; when 
the air in the receiver was only half exhausted, and the deficiency 
iSlled up with hydrogen gas, not only the sound was not increased, 
but was actually diminished so as to become scarcely audible. If 
this last fact be correctly staled, (which from the high character of 
Mr. Leslie, as an experimenter, we must not doubt,) some peculiar 
modification of the usual process by which sound is propagated 
must have taken place. It is much to be regretted that the cir- 
cumstances are not more fully stated ; the pitch of the bell in air, 
in the mixed gases, and in hydrogen alone ; the dimensions of the 
receiver ; the distances at which the sounds ceased to be heard ; 
and whether the same effect took place when bells of different 
pitch were struck, and when the bell was muffled, so as to produce 
no musical sound, are all particulaia^ of essential consequence to 
enable us to form a judgment of what really took place in this 
interesting experiment. 

c. When hydrogen is breathed, which may be done for a short 
time, but not without inconvenience and even danger, the voice is 
singularly affected, being rendered extremely feeble, and at the 
same time raised in pitch. 

This is just what ought to arise from the lungs, larynx, and 
fauces being filled with an exceedingly rare medium ; but if, as 
some experimenters relate, the effect subsists long after the hydrogen 

6 
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is expired, and the lungs completely cleared of it, this can only 
be ascribed to some physiological cause depending on its peculiar 
action on the organs of the voice. 

The singular sounds produced by burning this gas in pipes of 
proper construction have nothing to do with the propagation of 
sound in the gas itself. 



CHAPTER IV. 

THE PROPAGATION OF SOUND THROUGH LIQUIDS. 

26. Liquids are compressible and elastic, and 
therefore capable of conveying sound. 

0. The experiments of Canton, and the more recent ones of 
Perkins, Oersted, Colladon, and Sturm, have shown that water, 
alcohol, ether, and, no doubt, all other liquids are compressible and 
elastic, though requiring a very much greater force to produce a 
given diminution of bulk than air. Water, according to the experi- 
ments of Perkins as computed by Dr. Roget, suffers a condensation 
of about ^^ by a pressure of 100 atmospheres. This result agrees 
sufficiently well with that of Canton, which gave a condensation of 
0*000046 for every atmosphere of pressure, and has since been 
confirmed by Oersted's researches. 

b. Since water, then, and other liquids have the essential prop- 
erty of elastic media, on which the propagation of sound depeiids, 
it may be presumed, a priori, that sounds are^ capable of being 
conveyed by them jfs well as by the air ; and, indeed, better, by 
reason of their greater density, pursuant to the same law which 
obtains in gases. 
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Hearing of Fishes. Sounds heard under Water. 



This conclusion is abundantly confirmed by experiment. Hauks- 
bee ascertained that water would transmit a sound excited in air. 
Anderon describes a number of experiments on the hearing of 
fishes, from which, indeed, he concludes, that they are altogether 
devoid of this sense. But a very different conclusion really follows 
from them. Fishes enclosed in a glass jar appeared (says Ander- 
on) utterly insensible to any sound excited in the air without them, 
(if unaccompanied with motion) but the slightest tap with the nail 
on the edge of the jar, although made in such a situation that the 
motion could not be seen by them, immediately disturbed them. 
This is easily explicable ; and is in fact just what ought to happen'. 
The intensity of sound excited in any medium must evidently be 
proportioned to the energy of the original impulse, and must there- 
fore be much greater when arising from the direct impac4 of a 
solid body on the water, or its containing vessej, than from that of 
the particles of air in a sonorous wave, whose momentum is ne- 
cessarily very small. As fishes have no external organs of hearing, 
sounds must be conveyed to their sensorium by direct propagation 
through the bones of theijf heads ; and they are probably insensible 
to, or habitually careless of, those feeble impulses which are com- 
municated from the air. 

' c. But that the latter impulses do exist, and are audible by 
our ears, Anderon's paper furnishes proof enough. He made three 
people, stripped quite naked, dive at once, and remain about two 
feet below the surface of the water. In this situation he spoke to 
them as loud as he was able. At their coming up they repeated 
his words, but said he spoke very low. He caused the same per- 
sons to dive about 12 feet below the surface, and discharged a gun 
over them, which they said they heard, but that the noise was 
scarce perceivable. He further caused a diver to halloo under 
water, which he did ; and the sound was heard, though faintly. 
A grenade, exploded about nine feet below the surface, gave a 
prodigious hollow sound, with a most violent concussion of the 
earth around. Lastly, he caused a diver to descend with a bell in 
his hand, whose ringing he (the diver) assured him he could hear 
distinctly at all depths ; adding, also, that he could hear the rush- 
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ing of water through a flood-gate at 20 feet distance from the place 
he was in. 

The Abb6 Nollet, having descended to various depths, from 4 to 
24 inches, could hear all sounds made in the air (as a clock strik- 
ing, a hunter's horn, the human voice, &c.) distinctly, but faint and 
attenuated. 

Franklin, having plunged his head below water, caused a person 
to strike two stones together beneath the surface ; and at more than 
half d mile distance heard the blows distinctly. These instances 
are sufBcient to show that sound is audibly conveyed through water, 
as well as through air; and, indeed, if properly excited, much 
better. 

27. The velocity of sound in water, as deduced from 
the experiments most to be relied upon, is about 4708 
feet per second at the temperature of 46° '6 Fahren- 
heit. 

A series of experiments on the velocity of sound in sea-water 
was instituted by M. Beudant, at Marseilles. Two observers, 
with regulated watches, were stationed in boats at a known dis- 
tance. Each was accompanied by a diver. A bell was struck at 
stated intervals at one station ; and at the instant of its being heard 
by the diver at the other he made a signal, and the time was noted 
by the observer in the boat. Of course, time was lost. The 
mean result of these observations gives 4921 feet per second for 
the velocity. 

A more careful and no doubt more exact determination was un- 
dertaken and executed in 1826, by M. Colladon, in the Lake of 
Geneva. After trying various means for the production of the 
sound, as the explosion of gunpowder, blows on anvils, and bells ; 
the latter were preferred, as giving the most instantaneous, and, at 
the same time, most intense -sound, the blow being struck about a 
yard below the surface by means of a metallic lever. The experi- 
ments^ were all made at night, to avoid the interference of extrane- 
ous sounds, and for the better observing of the signals made at 
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each blow by the flash of gunpowder ; the gunpowder was in- 
flamed by the same blow of the hammer by which the bell was 
stmck, so that all loss of time was effectually avoided ; and a better 
spot could not have been chosen, the water being exceedingly 
deep, without a trace of any current, and of the most transparent 
purity, and the distances, being from 2 to 9 miles. 

By the mean of 44 observations on three different days the 
velocity was found to be 4708 feet per second. The mean tem- 
perature of the water, from trials made at both stations, and half 
way between, was found to be 46^*6 Fahrenheit. 

28. It is required to obtain the analytical expression 
for the velocity of sound in liquids. 

a. To apply the general analysis, by which the velocity of sound 
in an elastic medium was deduced, to this case, we must express 
the elasticity in a form somewhat different from that before employed 
in the case of aerial fluids. For the elasticity of a liquid, or the 
force which it exerts in opposition to compression, is not propor- 
tionate to its density, but to the increase of its density above the 
natural state ; or rather, to the diminution of its bulk by compres- 
sion below the natural state. 

Let us, then, put e for the compressibiliiy of a liquid, or, the 
diminution of bulk it will sustain by an additional pressure of a 
single atmosphere ; A for the standard height of mercury in the 
barometer ; A for the density of mercury at the freezing tempera- 
ture ; and use, fig. 5, the notation of article 18. Then we have, by 
the above law of elasticity, 

the diminution of bulk by the pressure of one atmosphere = e 
: the compressing force of an atmosphere = A . A 

: : the diminution of bulk of the molecule when at rf y = 1 — —^ 

a X 

: the elasticity at d y = -^ — 1 1 — 3^ ) • 

Similarly the elasticity at d y' = -— ^ 11 — ~^-^ I . 
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So that the plane separdiing d y and rf y^ is pressed forward by 
the difference of these elasticities or by the force 

h.^fdy' ^y\_^-A 7 dy 

~r \d^ ~rx) — T" "* • dx' 

^ h_^ d^y 
, e d x' 

But, D being the density of the liquid, we have 

the weight of the stratum d a/ = D . d x, 

which is the weight to be moved by the preceding force ; and, con- 
sequently, the equation of motion is 

4. As the preceding equation differs from (II.) only in the coeffi- 
cient of the second member, we can, by simply changing JET into 

- . — , deduce the velocity of sound in liquids from its velocity in 
air ; and this change, being made in (XVII.) gives us 



=J 



2g.-.^.K. (XXII.) 



29. When the analysis is applied to the case of 
water, it leads to the result that the velocity of sound 
in water is not sensibly affected by the developement of 
heat. And it is most probable that the same thing is 
true in the case of other liquids. 

a. To compare the results of theory with observation in the case 
of water, we will take the data afforded by the experiments of 
Messrs. CoUadon and Sturm on the water of the Lake of Geneva, 
in which their observations on the velocity of sound were made^ 
The foreign contents of this water, as appears by the analysis of 
M. Tingry, amount only to ^x^r of i^s weight, and it may there- 
fore be regarded as pure water, (though, of course, saturated with 
air.) The compressibility, as obtained from them, is 

t = 0000049589. 
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The specific gravity of the water of the lake, at the temperature 
of the experiment, was found to be exactly that of distilled water 
at its maximum density, the trifling expansion due to the excess of 
temperature being exactly counterbalanced by the superior density 
due to the saline contents, so that 

D= 1. 

We have, moreover, 

2g = 32-180 feet, h = 2-4936 feet, 

A = 13-568 ; 
which, substituted in (XXII.), give 

r= 4685 feet X V^; 

and, if no heat is developed, 

r= 4685 feet, 

which diflfers from the observed velocity of 4708 feet by only 23 
feet, a space run over by the aqueous pulse in one 200th of a 
second. We may, therefore, conclude that the heat, developed by 
compression in water, and the consequent increased resistance to 
sudden condensation, is insensible. 

b. From all direct experiments hitherto made, it appears that in 
water, and all other liquids, the quantity of heat developed by com- 
pression is altogether insensible, or at least very minute. So that, 
most probably, in other liquids, as well as in water, the velocity of 
sound may be correctly computed when its compressibility is known, 
without the necessity of having any regard to the developement of 
heat. 

30. It is probable that the waves of sound, like 
those of light, in passing from a denser to a rarer 
medium, undergo, at a certain acuteness of incidence, 
a total reflection. 

In the experiments above given of M. Colladon, he observed 
that although the sound of a blow was well heard directly above 
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the bell, yet the intensity of the sound so propagated into the air, 
diminished with great rapidity as the observer removed from its 
immediate neighbourhood, and at two or three hundred yards it 
could no longer be heard at all. This fact renders it probable 
that the sound is reflected from the surface of. the water at a cer- 
tain acuteness of incidence, and ceases to penetrate into the air ; 
so that the sound heard beyond that limit is merely that which 
diverges in the air, from the point immediately above the bell. 

M. Colladon was, therefore, obliged to resort to the following 
ingenious expedient, to render the sounds, excited at a great dis- 
tance, audible to an observer out of water ; and it is only in this 
situation that any observations on the velocity of sound, worthy of 
confidence, can be made. He plunged vertically into the water a 
thin tin cylinder, about three yards long, and eight inches in diame- 
ter, closed at the lower end, and open to the air above ; thus form- 
ing an artificial surface on which the sonorous waves, impinging 
perpendicularly, might enter the air, and be thence propagated 
freely as from a new origin ; just as we may look into water at any 
obliquity by using a hollow tube with a glass plate at the end per- 
pendicular to the axis. This contrivance succeeded completely, 
and he was enabled by its aid to hear the strokes of a bell under 
water, at a distance of 9 miles, across the whole breadth of the 
Lake of Geneva, from Rolle to Thonon. 

31. The nature of sounds is often very much changed 
by travelling through a great extent of water, their 
duration being shortened, and their musical charac- 
ter diminished. 

In the same experiments, M. Colladon was led to remark some 
very curious particulars respecting the nature, intensity, and dura- 
tion of sounds propagated by water. He observed, first, that the 
sound of a bell struck under water, when heard at a distance, has 
DO resemblance to its sound in air. Instead of a continued tone, a 
short sharp sound is heard like two knife-blades struck together. 
The eSsci produced by hearing such a short dry sound, at a dis- 
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tance of many miles from its origin, he compares to that of seeing, 
for the first time, very distant objects sharply defined in a teles- 
cope. When tried at different distances, it preserved this character, 
varying only in intensity, so as to render it impossible to distinguish 
whether the sound heard arose from a violent blow at a great dis- 
tance, or a gentle one near at hand. It was only when within 
about a furlonn:, that the musical tone of the bell was distinguishable 
after the blow. In air the contrary takes . place, as every one 
knows ; the sliock of the first impulse of the hammer being heard 
only in the immediate neighbourhood of the bell, while the con- 
tiniied sound is the only one fhat affects the hearing at a distance. 
The reason of this curious difference will be apparent when we 
come to speak of musical sounds. 

32. Sounds do not spread round interposed obstacles 
in water, with the same facility as in air, but are almost 
wholly cut off by them. Thus the phenomena of sound 
in water approximate in this respect to the rectilinear 
propagation of light, and may lead us to presume, that 
in a medium incomparably more elastic than water, 
the shadow would be still more perfect and more 
sharply defined. A material support is thus afforded 
to the undulatory doctrine of light, against one of its 
earliest and strongest objections — the existence of 
shadows. 

Sounds in air spread round obstacles with great facility, so that 
by a hearer situated behind a projecting wall, or the corner of a 
building, sounds excited beyond it are heard with little diminution 
of intensity. But in water this is far from being the case. When 
M. Colladon's tin cylinder, or hearing-pipe, already mentioned, 
was plunged into the water, at a place screened from rectilinear 
communication with the bell, by a projecting wall running out from 
the shore, whose top rose above the water, he assures us, that a 
very remarkable diminution of intensity in the sound was per- 

7 
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ceived, when compared with that heard at a point very near the 
former, but within reach of direct communication with the bell ; or, 
so to speak, out of the acoustic shadow of the wall. 



CHAPTER V. 

PROPAGATION OF SOUND IN SOLIDS AND IN MIXED MEDIA. 

33. Solids, if elastic, are equally adapted for the 
conveyance of sound with fluids, and even better. 

By elasticity in a solid is not meant a power of undergoing great 
extensions and compressions, after the manner of air, or Indian rub- 
ber, and returning readily to its former dimensions ; but rather what 
is commonly called hardness, in contradistinction to toughness, a 
violent resistance to the displacement of its molecules inter se in 
all directions. Thus the hardest solids are, generally speaking, 
the most elastic, as glass, steel, and the hard brittle alloys of copper 
and tin, of which mirrors are made ; and in proportion as they are 
so, they are adapted to the free propagation of sound through their 
substance. 

34. An important condition in the constitution of 
solids is homogeneity of substance ; and in a substance 
perfectly homogeneous, we may add, too, uniformity 
of structure. 

a. The eflfect of want of homogeneity in a medium, on its power 
of propagating sound, is precisely analogous to that of the same 
cause in obstructing the free passage of light, and (as the undula- 
tory doctrine of light teaches) for the very same reason. Tbe 



p. I. CH. V. <5> 34.] PROPAGATION OF SOUND IN SOLIDS. 51 



Effect of Want of Homogeneity in Solids on Sound. 



sonorous pulses, in their passage through it, are at every instant 
changing their medium. Now, at every change of medium, two 
things happen ; first, a portion of the wave is reflected, and the in- 
tensity of the transmitted part is thereby diminished ; secondly, 
the direction of propagation of the transmitted part is changed, and 
the sonorous rays, like lliose of light, are turned aside from their 
direct course. Thus the general wave is broken up into a multi- 
tude of non-coincident waves, emanating from diflferent origins, and 
crossing and interfering with each other in all directions. Now, 
whenever this takes place, a mutual destruction of the waves, 
to a greater or less extent, arises, and the sound is stifled and 
obstructed. 

' i. Further yet ; as the parts of a non-homogeneous medium 
difi*^r in elasticity, the velocities with which they are traversed by 
the sonorous pulses also differ ; and thus, among the waves which 
do ultimately arrive at the same destination in the same direction, 
some will arrive sooner, some later. These, by the law of inter- 
ference, tend mutually to destroy or neutralize each other. 

c. But of all causes, which obstruct the propagation of sound, 
one of the most eflfective is a want of perfect adhesion at the junc- 
tures of the parts of which such a medium consists. The effect 
of this may be conceived, by regarding the superficial strata of 
molecules of each medium when in contact, as forming together 
a thin film of less elasticity than either ; at which, therefore, a pro- 
portionally greater reflection of the wav6 will take place than if the 
cohesion were perfect, just as light is much more obstructed by a 
tissue of cracks pervading a piece of glass, than it would be by any 
inequality in the composition of the glass itself. 

d. A pleasing example of the stifling and obstruction of the pul- 
ses propagated through a medium, from the effect of its non-homo- 
geneity, may be seen by filling a tall glass, as a Champagne glass, 
half full of that sparkling liquid. As long as its effervescence 
lasts, and the wine is full of air-bubbles, the glass cannot be made 
to ring by a stroke on its edge, but gives a dead, puflfy, disagreeable 
sound. As the effervescence subsides, the tone becomes clearer, 
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and when the liquid is perfectly tranquil, the glass rings as usual ; 
but on reexciting the bubbles by agitation, the musical tone again 
disappears. 

To understand the reason of this, we must consider what passes 
in the communication of vibrations through the liquid, from one side 
of the glass to the other. The glass and contained liquid, to give a 
musical tone, must vibrate regularly in unison as a system ; and it 
is clear, that if any considerable part of a system be unsusceptible 
of regular vibration, the whole must be so. This neat experi- 
ment seems to have been originally made by Chladhi. 



35. To the greater want of homogeneity in the air 
by day than by night may, in part, be attributed the 
greater audibility of sounds at the latter time, and, in 
part, to the stillness of the night. 

o. The preceding experiment has been employed by Humboldt 
to illustrate this familiar phenomenon. He attributes it to the 
uniformity of temperature in the atmosphere by night, when up- 
ward currents of air, heated by their contact with the earth, under 
the influence of the sun's rays, are no longer continually mixing 
the upper with the lower strata, and disturbing the equilibrium of 
temperature. It is obvious that sound, as well as light, must be 
obstructed, stifled, and dissipated from its one original direction, by 
the mixture of air of different temperatures (and consequently 
elasticities) and thus the same cause which produces that extreme 
transparency of air at night, which astronomers only fully appre- 
ciate, renders it also more permeable to sound. 

b. There is no doubt, however, that the universal and dead 
silence generally prevalent at night renders our auditory nerves 
sensible to impressions, which would otherwise escape them. The 
analogy between sound and light is perfect in this as in so many 
other respects. In the general light of day the stars disappear. 
In the continual hum of noises which is always going on by day, 
and which reach us from all quarters, and never leave the ear time 
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to attain complete tranquillity, those feeble sounds which catch, our 
attention at night make no impression. The ear, like the eye, 
requires long and perfect repose to attain its utmost sensibility. 

36. The singular effect of hydrogen gas when mixed 
with air, already described, art. 25, in unfitting it for 
the free propagation of sound, may possibly arise from 
the want of homogeneity in the mixture of gases of 
different elasticities ; and perhaps the effects of aque- 
ous vapor may be attributed to the same cause. 

a. Chemists maintain that, when gases are mixed, the molecules 
of each form separate and independent systems, being mutually 
inelastic, and each sustaining a part of the pressure proportional to 
its own density. They admit, however, that the molecules of one 
gas (A) act as obstacles to obstruct the free motion of those of 
another (JET) ; and on this principle they explain the slow mixture 
of two gases in separate vessels communicating by a narrow aper- 
ture. Granting these postulates, let us conceive a pulse excited in 
a mixture of equal volumes of t\^o gases. If the velocity of sound 
in both be alike, the pulse will run on in each, although indepen- 
dently, yet with the same speed, and, at any instant or at any point 
of the medium, the contiguous molecules of both gases will be 
moving in the same direction and with the same velocity. They 
will, therefore, offer no mechanical obstruction to each other's mo- 
tion, and sound will be freely propagated. 

But if they differ in their specific elasticity, the case will be 
altered. Each being non-elastic to the other, two distinct pulses 
will be propagated, and will run on with different velocities; the 
molecules of either gas, at different points beginning and ceasing 
to be agitated with the pulsation at different instants. Thus an 
internal motion, a change of relative position among the molecules 
of the gas (H) and those of the gas (A) will take place, the one 
set being obliged to force themselves a passage between the other ; 
in which, of course, a portion of their motion will be diverted in 
all sorts of lateral directions, and will be mutually destroyed. It 
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is evident that the greater the difference of specific elasticities, the 
greater will be the effect of this cause. In hydrogen the velocity 
of the pulse is nearly three times its velocity in atmospheric air ; 
and of course, it may be expected in this case to act with great 
efficacy. In azote and oxygen, on the contrary, the velocities are 
so nearly alike, that very little obstruction can arise from its influ- 
ence ; so that, in so far as the phenomena of sound are concerned, 
atmospheric air may be looked upon as a homogeneous medium. 

4. If saturated with aqueous vapor at high temperatures, however, 
it is possible that the effect may become sensible, and, perhaps, to 
this cause may be attributed a phenomenon, mentioned by more 
than one experimenter on this branch of physics, of the occasional 
duplication of the sound of a gunshot heard from a great distance, 
a part of the sound being transmitted quicker than the rest by 
aqueous vapor, or even by water in the liquid state, suspended in 
the air. If this be the case, sounds might be expected to be heard 
double in thick fogs, or in a snow-storm. But the remarkable 
obstruction to sound caused by fog, and especially by snow, would 
probably prevent any sound from being heard far enough to permit 
the interval of the two pulses to be distinguishable. 

37. The well known effect of carpeting, or woollen 
cloth of any kind, in deadening the sound of music in 
an apartment, arises from the intermixture of air and 
solid fibres in the carpets through which the sound has 
to pass, deadening the echo between the ceiling and 
floor by which the original sound is swelled. 

38. A phenomenon noticed by every traveller who 
visits the Solfaterra near Naples, but whose true nature 
has been much misconceived, is easily explicable on 
the principles of art. 34. 

The Solfaterra is an amphitheatre, or extinct crater, surrounded 
by hills of lava, in a rapid state of decomposition by the action of 
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acid vapors issuing from one principal and many subordinate vents 
and 6racks. The whole soil of the level at its bottom consists of this 
decomposed lava, whose disintegration, however, is not so complete 
as to reduce it to powder ; but leaves it in coherent -white masses 
of a very loose friable structure. At a particular spot, a large 
stone violently thrown against the soil, is observed to produce a pecu- 
liar hollow sound, as if some great vault were below. Accordingly 
it is usually cited as a proof of the existence of some Vast cavity 
below, communicating with the ancient vent of the volcano, and 
perhaps with subterraneous fires ; while others ascribe it to a rever- 
beration from the surrounding hills, with which it is nearly concen- 
tric ; and others to a variety of causes more or less fanciful. 

It seems most probable, however, that the hollow reverberation 
IS nothing more than an assemblage of partial echos, arising from 
the reflection of successive portions of the original impulse in its 
progress through the soil at the innumerable half-coherent surfaces 
composing it. Were the whole soil a mass of sand, these reflections 
would be so strong and frequent as to destroy the whole impulse in 
too short an interval to allow of a distinguishable after-sound. It is a 
case analogous to that of a strong light thrown into a milky medium, 
or smoky atmosphere ; the whole medium appears to shine with a 
nebulous undefined light. This is to the eye, what such a hollow 
sound is to the ear. 

39. The general principle, on which the conveyance 
of sound through solids depends, is precisely the same 
as in fluids ; and the same formula may be used to 
express it§ velocity, when the specific elasticity is 
known. There are, however, two very important par- 
ticulars in which they differ. 

40. First, the molecules of fluids are capable of dis- 
placement irder se. Those of solids, on the other 
hand, are subjected to the condition of never changing 
their order of arrangement. 
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Hence arise a multitude of modifying causes, which 
must necessarily affect the propagation of sonorous 
pulses through solids, which have no place in fluids, 
and modes of vibration become possible in the former, 
which it is difficult to conceive in the latter, whose 
parts have no lateral adhesion. 

Thus we may conceive pulses propagated in solids, like those of 
a cord vibrating transversely, in which the motion of each molecule 
is transverse, or oblique, to the direction in which the general pulse 
is advancing. 

41. Secondly, each molecule of a fluid is similarly 
related to those aroimd it in all directions ; in solids, 
each molecule has distinct sides, and different relations 
to space, and to the surrounding particles. 

a. The cohesion' of the molecules of crystallized bodies is differ- 
ent on their different sides, as their greater facility of cleavage in 
some directions than in others indisputably proves. They must, in 
consequence, have unequal elasticities in different directions ; and 
thus the velocity of the pulse propagated through a crystallized 
solid will depend on its direction with respect to the axes of 
crystallization. 

Interruptions of crystalline structure must also produce an effect 
on the conveyance of sound analogous to that of the mixture of 
extraneous matter in a medium. 

&. Among uncrystallized solids, too, there are many, such as 
wood, whalebone, &c. which have a fibrous structure, in virtue of 
which, it is evident, they are very differently adapted to convey an 
impulse longitudinally and transversely. 

The conducting power of wood along the grain is, certainly, very 
surprising. A simple experiment will show it. Let any one apply 
his ear close to one end of the longest stick of sound timber, and 
let an assistant at the other end scratch with the point of a pin, or 
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tap SO lightly with its head as to be inaudible to himself. Every 
scratch or tap will be distinctly, nay loudly, heard at the other end, 
as if close to the head. 

42. Almost all solids which are tolerably compact 
conduct sound well, and transmit it with great rapidity. 
Thus the velocity of sound in cast iron at the tempera- 
ture of 51^.8 Fahrenheit, is 11090 feet per second; 
and it is about as much in most of the other metals, 
and in different kinds of wood. 

a. Chladni relates an experiment made by Messrs. Herhold and 
Rafn, in Denmark, where a metallic wire 600 feet long was 
stretched horizontally. At one end a plate of sonorous metal was 
suspended, and slightly struck ; an auditor placed at the other, 
and holding the wire in his teeth, heard at every blow two distinct 
sounds; the first transmitted almost instantaneously by the metal, * 
the other arriving later through the air.- 

Messrs. Hassenfratz and Gay Lussac made a similar experiment 
in the quarries at Paris; a blow of a hammer against the rock pro- 
duced two sounds, which separated in their progress ; that propa- 
gated through the stone arriving almost instantly, while the souad 
conveyed by the air lagged behind. The same thing has been 
observed in the blasting of rocks in the deep mines of Cornwall. 

These experiments were, however, made at intervals too short 
to give any numerical estimate of the velocity of transmission of 
sound in the iron or stone. 

6. The only direct experiments we have on this subject are 
those of M. Biot, who, assisted by Messrs. Bouvard, Malus, and 
Martin, ascertained the interval required for the sound of a blow on 
the cast iron conduit pipe already spoken of (art. 7.) to traverse 
measured lengths of it. The pipe consisted of joints of cast iron, 
each 8.25 feet long, and connected by flanches with collars of lead 
covered with tarred cloth interposed, and strongly screwed home ; 
each coljar measured 0.47 feet. A blow being struck at one end 

8 
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and heard at the other, the interval between the arrival of the 
sound through the air and through the iron was noted. The length 
being known, the time required for the transmission of the aerial 
sound became known with great precision, and thence the time of 
transmission through the iron became known also. The mean result 
of their observattons was 11090 feet per second for the velocity of 
sound in cast iron at the temperature of the experiment, or 51^.8 
Fahrenheit. This is about lOJ times its velocity in air. 

c. Chladni assigns 11802 feet for the velocity of sound in brass. 
Laplace, calculating on an experiment of Borda, on the compressi- 
bility of brass, makes it 11682 feet. 

According to Chladni, the following are the velocities of sound 
in different solids, that in air being taken for unity : tin = 7^, sil- 
ver = 9, copper =i 12, iron = 17, glass = 17, baked clay 
= 10 to 12, wood of various species = 11 to 17. The error in 
the case of iron throws a doubt on all the rest ; unless, perhaps, 
steel be meant. 

43. The force of a pull, push, or blow must be trans- 
mitted, by an iron bar or chain, with the same velocity 
as sound. For every 11090 feet of distance, it will, 
then, reach its point of action one second after the 
moment of its emanation ifrom the first mover. 

In all moderate distances, then, the interval is utterly insensi- 
ble. But were the sun and the earth connected by an iron bar, 
no less than 1074 days, or nearly three years, must elapse before 
a force applied at the sun could reach the earth. The force actu- 
ally exerted by their mutual gravity may be proved to require no 
appreciable time for its transmission. How wonderful is this cod- 
nection ! 
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CHAPTER VI. 

THE DIVERGENCE AND DECAY OP SOUND. 

44. Hitherto we have taken no account of the late- 
ral divergence of sound, which we have supposed con- 
fined by a pipe ; but it is evident that condensation 
taking place in any section of such a channel will urge 
the contained air laterally against the side of the pipe, 
as well as forward along its axis ; and, consequently, 
if the pipe were cut off at any point, the sound would 
diverge from that point into the surrounding air. 
Accordingly, when any one speaks through a long 
straight tube the voice is heard laterally, as if pro- 
ceeding from the mouth of the speaker at the orifice. 

45. Sounds excited in, or impulses communicated 
to, any portion of the air or other elastic medium, 
spread, more or less perfectly, in all directions, in 
space. 

a. We say more or less perfectly ; for though there are sounds, 
as the blow of a hammer, the explosion of gunpowder, &;c. which 
spread equally in all directions, yet there are others which are far 
from being in that predicament. 

For instance, a common tuning-fork (a piece of steel in the 
shape represented in fig. 6.) being struck sharply, when held by 
the handle {A) against a substance, is set in vibration, the two 
branches of the fork alternately approaching to and receding from 
each other. Each of them, consequently, sets the air in vibration, 
and a musical tone is produced. But this sound is very unequally 
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Unequal Divergence of certain Sounds. 

audible in different directions. If the axis of the fork, or the line 
to which it is symmetrical, be held upright about a foot from the 
ear, and if it be turned round this axis while vibrating, at every 
quarter revolution the sound will become so faint as scarcely to be 
heard, while in the intermediate arcs of rotation it is heard clear 
and strong. The audible situations lie in lines perpendicular and 
parallel to the flat faces of the fork, the inaudible at 45"^ inclined 
to them. This elegant experiment, due originally to Dr. Young, 
has recently been called into notice by Weber. 

b. The non-uniformity of the divergent pulses, which constitute 
certain sounds, is easily demonstrated by considering what happens 
*when a small disc is moved to and fro in a line perpendicular to 
its surface. The aerial molecules in front of the disc are necessa- 
rily in an opposite state of motion from those similarly situated 
behind it. Hence, if we condeive a wave propagated spherically 
all around it, the vertices of. the two hemispheres in front and 
behind are in opposite motions with respect to the centre. 

But with regard to that wave of the sphere where the vibrating 
plate prolonged cuts it, there is evidently no reason why its mole- 
cules should approach to or recede from the centre, or, rather, there 
is as much reason for one as for the other. They will, therefore, 
either remain at rest, or move tangentially ; so that the motion of 
the whole sounding surface, or wave, will, in this case, be rather 
as in flg. 7 than in fig. 8 ; and a corresponding difference, both in 
the intensity and character of the sound heard in different direc- 
tions, may be fairly expected. 

46. The mathematical theory of such pulses as these 
is of the utmost complication and diflSiculty, depending 
on the integration of partial differential equations with 
four independent variables, viz.j the time and the 
three coordinates of the moving molecules. It is there- 
fore of much too higli a nature to have any place in an 
essay like the present. We shall merely content our- 
selves with stating the following, as general results in 
which mathematicians are agreed. 
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Case of a Spherical Undulation, alike on all Sides. 



1st. The velocity of propagation of a sonorous pulse 
is the same, v^^hether we regard it as propagated in 
one, two, or three dimensions, i. e. in a pipe, a lamina, 
or a mass of air. 

2d. Sounds propagated in a free mass of air dimin- 
ish in intensity, as they recede further from the sono- 
rous centre, and their energy is in the inverse dupli- 
cate ratio of this distance, ccBteris paribus ; or, more 
. generally, they are proportional to the vis viva of the 
impinging molecules. 

a. We shall not attempt a proof of these propositions in the 
general cases, but content ourselves with illustrating them in one 
particular but important case, viz. when the initial impulse is con- 
fined to a very small space, and consists in any small radiant 
motion of all the particles of a spherical surface in all directions 
equally from the centre. 

h. Since the initial wave is spherical, and similar in all its parts, 
it will evidently retain this property as it dilates by the progress of 
the impulse. If, then, it be conceived to be divided into its infini- 
tesimal elements by a system of pyramidally disposed plane surfaces, 
having the common vertex in the centre of the sphere, each of 
these elements will form the base of one of the pyramids, and its 
molecules will advance and recede along the axis, as the pulse 
traverses them, without any change of their relative positions, inter 
se ; so that the whole wave may be regarded as broken up into 
partial waves, each advancing as if confined within a pyramidal 
pipe, independently of all the rest. 

c. Now in any one of these imaginary pipes, the pulse will be 
propagated from layer to layer of the included particles, with the 
same velocity as if the pipe were cylindrical. For the divergence 
of the sides of the pipe can only cause a lateral extension, and 
thence a diminished thickness of the stratum, and will, ^therefore, 
alter the velocity of each molecule and the fctent and law of mo- 
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MUSICAL SeUNDS. 



CHAPTER I. 

THC NATURE AND PRODUCTION OF MUSICAL SOUNDS. 

47. Every impulse mechanically communicated to 
the air, or other sonorous medium, is propagated on- 
ward by its elasticity, as a wave or pulse ; but, in order 
that it shall aflFect the ear, as an audible sound, a cer- 
tain force and suddenness is necessary. 

The slow waving of the hatid through the air is noiseless, but 
the sudden displacement and collapse of a portion of that medium 
by the lash of a whip produces the efiect of an explosion. It is 
evident that the impression conveyed to the ear will depend entirely 
on the nature and law of the original impulse, which being com- 
pletely arbitrary, both in duration, violence, and character, will 
account for all the variety we observe in the continuance, loudness, 
and quality of sounds. The auditory nerves, by a delicacy of 
mechanism, of which we can form no conception, appear capable 
of analyzing every pulsation of the air, and appreciating immediately 
the law of motion of the particles in contact with the ear. Hence 
all the qualities we distinguish in sounds — grave or acute, smooth, 
harsh, mellow, and all the nameless and fleeting peculiarities, which 
constitute the differences between the tones of different musical 
instruments — bells, flutes, cords, &c., and between the voices of 
different individuals or different Animals. 
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Noise, as distinguished from Musical Sound. 

- 48. Every irregular impulse communicated to the 
air produces what we call a noise, in contradistinction 
to a musical sound. 

If the impulse be short and single, we hear a crack, bounce, or 
explosion ; yet it is worthy of remark, as a proof of the extreme 
sensibility of rtie ear, that the most short and sudden noise has its 
peculiar character. The crack of a whip, the blow of a hammer 
on a stone, and the report of a pistol, are perfectly distinguishable 
from each other. 

If the impulse be of sensible duration and very irregular, we 
hear a crash ; if long and interrupted, a rattle or a rumble, accord- 
ing as its parts are less or more continuous, and so for other varie- 
ties of noise. 

49. The ear, like the eye, retains for a moment of 
time, after the impulse on it has ceased, a perception 
of excitement. In consequence, if a sudden and short 
impulse be repeated beyond a certain degree of quick- 
ness, the ear loses the intervals of silence and the 
sound appears continuous. The frequency of repeti- 
tion necessary for the production of a continued sound 
from single impulses is, probably, not less than sixteen 
times in a second, though the limit would appear to 
diflFer in different ears. 

50. If a succession of impulses occur at exactly equal 
intervals of time, and if all the impulses be exactly 
similar in duration, intensity, and law, the sound pro- 
duced is perfectly uniform and sustained, and has that 
peculiar and pleasing character to which we apply the 
term musical. 

In musical sounds there are three principal points 
of distinction, the pitch, the intensity, and the quality. 

9 
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Pitch. Periodical Impulses produce Musical Sounds. 
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Of these, the intensity depends on the violence of the 
impulses, the quality on their greater or less abrupt- 
ness, or, generally, on the law which regulates the 
excursions of the molecules of air originally set in 
motion. 

The pitch is determined solely by the frequency of 
repetition of the impulse, so that all sounds, whatever 
be their loudness or quality, in which the elementary 
impulses occur with the same frequency, are at once 
pronounced by th^ ear to have the same pitchy or to be 
in unison. It is the pitch only of musical sounds whose 
theory is susceptible of exact reasoning, and on this 
the whole doctrine of harmonics is founded. Of their 
qualities and the molecular agitations, on which they 
depend, we know too little to subject them to any dis- 
tinct theoretical discussion. 

* 

51. The means by which a series of equidistant 
impulses, or, to speak more generally, by which an 
initial impulse of a periodical nature, (i. e, capable of 
being represented by a periodical function,) can be pro- 
duced mechanically, are extremely various. 

a. Thus, if a toothed wheel be turned round with uniform 
velocity, and a steel spring be made to bear against its circumre- 
rence with a constant pressure, each tooth, as it passes, will receive 
an equal blow from the spring, and the number of such blows per 
second will be known, if the velocity of rotation and number of 
teieth in the wheel be known. 

b. The late Professor Robison devised an instrument, in which 
a current of air passing through a pipe was alternately intercepted 
and permitted to pass by the opening and shutting of a valve or 
stopcock. When this was performed with sufficient frequency. 
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(which could only be done, we presume, by giving a rapid rotatory 
motion to the stop cock by wheel work,) a musical tone was pro- 
duced, whose pitch became more acute as the alternations became 
more frequent. 

This is precisely the principle of the sirene of the Baron Cag- 
niard de la Tour. In this elegant instrument the wind of a bellows 
is emitted through a small aperture, before which revolves a cir- 
cular disc, pierced with a certain number of holes, arranged in a 
circle concentric with the axis of rotation, exactly equidistant from 
each other, and of the same size, &c. The orifice, through which 
the air passes, is so situated, that each of these holes, during the 
rotation of the disc, shall pass over it and let through the air ; but 
the disc is made to revolve so near the orifice, that in the intervals 
between the holes it shall act as a cover and intercept the air. If 
the holes be pierced obliquely, the action of the current of air 
alone will set the disc in motion ; if perpendicular to the surface, 
the disc must be moved by wheelwork, by means of which its 
velocity of rotation is easily regulated, and the number of impulses 
may be exactly counted. The sound produced is clear and sweet, 
like the human voice. 

If, instead of a single aperture for transmitting the air, there be 
several, so disposed in a circle of equal dimension with that in 
which the holes of the disc are situated, that each shall be opposite 
one corresponding hole when at rest, these will all form sounds of 
one pitch, and being heard together will reinforce each other. 

The sirene sounds equally when plunged in water, and fed by a 
current of that fluid, as in air ; thus proving that it is the number 
of impulses alone, and nothing depending on the nature of the 
medium in which the sound is excited, that influences our appre- 
ciation of its pitch. 

52. In general, whatever cause produces a 'Succes- 
sion of equidistant impulses on the ear, causes the sen- 
sation of a musical sotind, whether such periodicity 
be a consequence of periodical motions in the origin 
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of sound, or of the mode in which a single impulse is 
multiplied in its conveyance to the ear. 

a* For example, a series of broad palisades set edgeways in a 

line directed from the ear, and equidistant from each other, will 

reflect the sound of a blow struck at the end of the line nearest 

the auditor, producing a succession of echos, which, (by reason of 

the equidbtance of the palisades,) will reach his ear at equal inter- 

- - . / rk distance of palisades \ i .n i r 

vals of time i z= 2 X ; — : ^ r— 1 i and will therefore 

\ velocity of sound / 

produce the eiSect of a number of single impulses originating in one 

point. Thus a musical note will be heard whose pitch corresponds 

to a number of vibrations per second, equal to the quotient of the 

velocity of sound by twice the distance of the palisades. 

6. A similar account may be given of the singing sound of a 
bullet, or other missile, traversing the air with great rapidity. The 
bullet being in a state of rapid rotation, and not exactly alike in all 
its parts, presents, periodically, at equal intervals of time and space, 
some protuberance or roughness first to one side, then to the other. 
Thus an interruption to the uniformity of its mode of cutting through 
the air is periodically produced, and reaches the ear in longer or 
shorter equal intervals of time, according as the rectilinear velocity 
of the bullet bears a greater or less ratia to the velocity of its rota- 
tion about its axis. 

c. The echos in a narrow passage, or apartment, of regular 
figure, being regularly repealed at equal very small intervals, 
always impress the ear with a musical note ; and this is, no doubt, 
one of the means which blind persons have of judging of the size 
and shape of any room they happen to be in. 

d. But the most ordinary ways, in which musical sounds are 
excited and maintained, consist in setting in vibration elastic bodies, 
whether flexible, as stretched strings, or membranes ; or rigid, as steel 
springs, bells, glasses, &c. ; or columns of air of determinate length 
enclosed in pipes. All such vibrations consist in a regular, alternate 
motion to and fro of the particles of the vibrating body, and are 
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performed in strictly equal portions of time. They are, therefore, 
adapted to produce musical sounds, by communicating that regularly 
periodic initial impulse to the aerial molecules in contact with them 
which such sounds require. We shall, therefore, proceed to con- 
sider more particularly the principal of these modes of production, 
but especially, at present, the first and last, being the most simple 
cases. 



CHAPTER II. 

VIBRATIONS OF MUSICAL STRINGS OR CORDS. 

53. If a string, or wire, be stretched between two 
fixed pins, or supports, and then struck, or drawn a 
little out of its straight line, and suddenly let go, 
it will vibrate to and fro, till its own rigidity, and the 
resistance of the air, reduce it to rest. But if a how^ 
(which is an instrument composed of a bundle of fibres 
of horse hair, loosely stretched, and rendered adhesive 
by rubbing with rosin,) be drawn across it, the vibra- 
tions are continually renewed, and may be maintained 
for any length of time, and a musical sound is heard 
corresponding to the rapidity of the vibration. 

54. It is required to investigate the motions of a 
stretched cord. 

a. The mathematical theory of the vibrations of a stretched 
cord is remarkable, in an historical point of view, as having given 
rise to the first general solution of an equation of partial differen- 
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ces ; and led geometers to tiie consideration of the nature and 
management of the arbitrary functions which enter into the integrals 
of these equations. 

6. Let MN (fig. 9.) be a cord maintained by any means in a 
constant state of equal tension throughout, and disturbed by any 
external cause from its rectilinear position, and then left to take its 
own form and motion in consequence of its tension ; its gravity, 
however, being neglected. 

Let MABCENhe the figure of the cord after the lapse, of any 
time t from the initial disturbance ; respecting which we will only 
suppose that the distance of all its points from the axis VT, (the 
undisturbed rectilinear position of the cord,) i^ extremely small ; 
so that in this theory, as in that of the sonorous vibrations of the 
air, we concern ourselves only with such excursions of the vibrat- 
ing molecule as may be considered infinitely minute. 

c. Let A, B, Cy jEJ, be points of the cord infinitely near each 
other; and erecting the ordinates AP^ jBQ, CR, ES, and drawing 
Aa, Bby C c, E e, parallel to VT, put 

VP = x, Vq = o(/y VR = x'\ &c. 

and 

AF = y, Bq^y^, CR = y'\Uc. 

Let the tension of the cord at rest be represented by c, which, 
(since the cord is infinitely little disturbed from its position of repose,) 
will also be its tension in its disturbed state ; and will in this, as 
in the former state, be uniform over its whole length, the curvature 
being evanescent. 

d. The point B of the cord will, then^ be solicited towards the 
axis by the tension c applied at B, and acting in the direction BAy 
and whose resolved value is, therefore, 

Ba Ba dy 

alnoe BA only differs from ^ a by infinitely small quantities of the 
aecoad order, which may be neglected. 
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Similarly the point B will be solicited from the axis by the ten- 
sion c applied at B in the direction BC^ whose resolved part in the 

d y' 
direction of the ordinate is equal to c . -~. 

The resolved parts in directions parallel to the axis, being equal 
and parallel, destroy each other ; consequently, the whole force 
applied at B will be 

\dz' dxf k/x2 ' 

tending to increase the value of y. 

e. Now the motion of the cord will be the same, whether we 
regard it as a continuous mass, or compound of detached particles 
situated at A^ B, C, E, &c. and connected by filaments AB, BC, 
&;c. without weight. Thus at B we may conceive to be placed a 
weight equal to 

AB + BC^Aa + Bb dx + dx _. 
2 - 2 - 2 ''''• 

/. The mass dxis then to be moved by the force c . -p-? . d x. 

d x^ 

Hence the equations of motion are 

g. This equation is precisely similar to (II.) and its integral, 
will, of course, be of the same form, or 

y = F{x + V^ .t)-^f(x — A/2ji . t). (XXIV.) 

The determinaticn of the|arbitrat]^^^inctb in this (equation will 
depend on the conditions, wemay set out if%s». 

55. When the preceding analysis is applied to the 
case of an initial disturbance of smali extent, it leads 
to the result, that the velocity of a pulse, or undula- 
tion along a stretched cord, is equal to that which a 
heavy body would acquire by fisdUing fireely through 
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the length of a portion of the cord whose weight is 
equal to its tension. 

a. Let us suppose the cord to be of indefinite length, and the 
part initially disturbed to be comparatively very small ; and havincr 
an indefinite undisturbed portion on either side. In this case, it is 
evident by the very same reasoning as that of art. 19, that a pulse, 
or undulation, will run out both ways along the cord from the point 
of initial disturbance, with a velocity represented by 

r=\/2^, (XXV.) 

every molecule of the cord being once agitated, during the time the 
pulse runs over it, and no more. 

i. Since, in the above investigation, c represents ^ fwrce equal to 
the tension on the same scale that Ax represents a weight equal to 
that of the element d x, we have 

weight of d x, : tension : : dx : c. 

Hence c represents the length of a portion of the cord whose 
weight is equal to the tension ; and \^2gc is the velocity which 
would be acquired by a body falling freely by gravity through that 
length. 

c. The coincidence of this result with experiment has been put 
to careful trial by Weber, and a more complete one could not 
have been wished. 

56. If the cord is attached at one of its extremities 
to an immovable point, when the undulation reaches 
this point, it will be reflected from it ; and it is easily 
proved by means of the formula (XXIV.), that the re- 
flected pulse runs back with the same velocity as the 
direct, and is in all respects similar and equal to it, 
only that it lies on the opposite side of the axis. 

57. If the cord be fixed at both ends, the two pulses, 
into which the initial pulse has separated itself, will 
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each be totally reflected, and will run along the whole 
length, being reflected again at the other end, and thus 
run backwards and forwards for ev6r, if we neglect the 
efiect of the stiffness of the cord and resistance of the air. 
If the cord is struck, or forcibly drawn out of its 
situation, it will continue to vibrate to and fro ; and 
the time of one complete vibration, after which it re- 
sumes its initial state, is equal to that of a pulse 
running over double the length of the cord. 

a. Suppose the whole length of the cord to be 

of which I lies on the positive, and F on the negative, side of the 
origin of x. That portion of the subdivided primitive pulse, which 
runs towards the positive side of the x, will describe the length I in 

a time = - - ; being then reflected, it will describe the whole ' 
V2ge 

length i in a time —y^iz- ; and being again reflected, it will de- 

V2gc 

I' 
scribe Z' in a time —z , so that after a time 

V2gc 

h L I' 2L 

+ 77^ + 



V2gc'^ V2gc~ V2ge \f%gc 

it will reach its first starting point ; and having been twice inverted 
by reflection, will lie now on the same side of the axis it originally 
was. 

Similarly, the negative portion of the original pulse will describe 
V^ L, and I, and reach its starting point after two reflections in the 
tinae 

l L I 2L 



+ 77^ + 



V2^e^ V2gc V2J2 V2JI' 

the same as the other, and will also have recovered its original situ- 
ation with respect to the axis. Thus at the end of this time the two 
pulses will precisely reunite, and constitute a compound pulse in all 
respects similar to the initial impulse. The state of the cord, then, 

10 
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2 Z» 

after the lapse of the lime — ^ — , will, (abstracting the effects of 

resistance^ &&c.) be precisely what it was at first; and so again, 
after the lapse of time —z — , -7=r, fee. the same state will re- 

V2gc V2igc 

cur, so that if left to itself it will continue to vibrate for ever. 

Thus we see that what in an indefinite cord was merely a pulse 
running along it and never returning, becomes, by the reaction of 
the fixed extremities of a finite one, a regular vibration, in which 
each molecule repeats its motion to and fro, on either side of the 
axis, at equal intervals, for ever. 

b. In the foregoing remarks no particular assumption has been 
made respecting the extent of the pulse. It has not been supposed 
small with respect to Z, l^ ; and, consequently, the above conclu- 
sion applies equally to the case, where the initial dbturbance is 
confined to a minute portion of the cord, and where a large portion, 
or even its whole length, is disturbed at once. Only in the former 
case the motions of the individual molecules of the cord will be 
performed by starts, interrupted by intervals of absolute rest in the 
axis. In the latter there will be no moments of rest but those, 
when the direction of the motion changes at the extreme points of 
their excursions. 

The time of vibration of a stretched cord, whose length is i, is, 

then, equal to — ^ , being the time of a pulse running over 

\r2gc 

double the length of the cord. 



58. Hence, the times of the vibrations of different 
cords are proportional to their lengths divided by the 
square root of their tensions ; and the number of vibra- 
tions, in a given time, are proportional to the quotients 
of the square root of their tensions divided by their 
lei^ths. 
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69. A cord, although vibrating freely, may yet have 
any number of points, equally distributed at aliquot 
parts of its whole length, which never leave the axis, 
and between which the vibrating portions are equal 
and similar, and lie alternately above and below the 
axis, and in reversed positions as to right and left. 
Such points of rest are called nodes or nodal points ; 
the intermediate portions which vibrate are termed 
bellies or ventral segments. 

a. A very simple consideration will show that such may be the 
case ; for, if we conceive two equal and similar cords, AMB, 
BMC, (fig. 10.) both attached to the same point, jB, and vibrat- 
ing simultaneously, the strain on B, from both 'their tensions, will 
be always equal and opposite, provided the curves be so related as 
above descrbed, and B, therefore, will be retained in equilibrio, 
independently of its attachment to any extraneous body. Were it, 
therefore, detached, or were the two cords, instead of being fixed 
to one immovable point, to be merely linked together at J?, so as 
to form one cord of double the length, their vibrations would be 
the same. And this reasoning might be extended to another 
point C 

b. Hence, if L be the whole length of a cord, n the number of 
ventral segments into which it divides itself, and, therefore, n — - 1 
the number of its nodes, the length of each ventral segment will 

be — ; the time of the vibration of the cord, being the satae as that 

of one of its ventral segments, will be — j- — : and the number of 

n v2gc 

vibrations per second will be represented by the reciprocal of this 

fraction. 

60, If a string in the act of vibration be touched in 
any point, so as to reduce that point to rest and retain 
it in the axis, then the string, after the contact, will 
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either not vibrate at all ; or it will divide itself into a 
certain number of ventral parts, similar and equal to 
each other and separated by nodes ; and each of these 
will vibrate, as if the others had no existence, but in- 
stead the nodes were fixed points of attachment. 

a. For if the divisions on each side of the point, which we have 
supposed at rest, were not symmetrical and on opposite sides of the 
axis, they would exert an unequal force upon the point, and it would 
not be retained at rest. It must, also, be the same with the divis- 
ions on each side of the other nodes. 

b. Experience confirms this. If the string of a violin, or violon- 
cello, while maintained in vibration by the action of the bow, be 
lightly touched with the finger, or a feather exactly in the middle, 
or at one third of the length, it will not cease to vibrate, but its 
vibrations will be diminished in extent and increased in frequency, 
and a note will become audible, fainter but much more acute than 
the original, or, as it is termed, the fundamental note of the string, 
and corresponding in the former case to a double, in the latter to a 
triple rapidity of vibration. The note heard in the former case is 
the octave, in the latter, the twelfth above the fundamental note. 

If a small piece of light paper, cut into the form of an inverted 
Vf be set astride on the string, it will be violently agitated, and, 
probably, thrown off when placed in the middle of a ventral seg- 
ment, while at a node it will ride quietly as if the string were (as 
it really is at those points) at perfect rest. The sounds thus pro- 
duced are termed harmonics. 

61. Any number of the diflFerent modes of vibration, 
of which a cord is susceptible, may be going on simul- 
taneously, or be, as it were, superposed on each other. 

a. This is a consequence of the principle in mechanics of " the 
superposition of small motions," which, when the excursions of the 
parts of a system from their places of rest are infinitely small, 
admits of any or all the motions of which, from any causes, they 
are susceptible, to go on at once, without interfering with or disturb- 
ing each other. 
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Coexistence of several Modes of Vibration in one Cord. 

b. In the particular case before us it is easily shown ; for, since 
the general integral of the equation (XXIII.) 

is (XXIV.) 

,y = F{x + v^ • + / (^ — V^ • 0> 
where jP and / denote arbitrary functions, we may suppose 
F{x)=P (x) + F"' (x) + F'' (a?) .+, fcc. 

/ (^) = f (^) + f' (^) + /"' (^) +, &c. 

where jP, F^ fcc, and /', /^'^ &c., denote functions equally 
arbitrary, and we get 

y = [F {x + x^2Tc' + /(^-\/2i7.0] 

Now each of the expressions within brackets is the integral of 
an equation exactly similar to the original one. Therefore if we 
put 

d^ y' _o ^^ y' 



d^y" d^y" e 

dt^ ^ dx^ ' 



we shall have 



Thus, if the several particular modes of vibration, 

be possible, 

y = y + y" +> 82ic. 

will also be possible. 

c. The ordinate of the curve, into which the cord at any mo- 
ment forms itself in virtue of the compound vibration, will be the 
sum (algebraically understood) of the ordinates it would have in 
virtue of each simple one separately. The compound curve will 
be formed by first constructing on the abscissa, as an axis, any one 
of the simple ones ; then, on that curve, as an abscissa, any other ; 
on the new curve then arising any other ; and so on. 
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Carres arving from Soperpositioo (^ Coexistent Vibratiaiis. 

Hence it is evident that if we suppose the curre, whose ordinate 
b y'y to be of the form, fig. 11, (a), having no node; and that, 
whose ordinate b y'^, to have, for instance, one node, as fig- 11, 
(b) ; the corresponding modes of vibration, when coexbting, will 
produce a curve, such as (c). On these we may superpose a third 
mode of vibration, where the string divides itself into three ventral 
segments, as (J), and the result will be a curve, such as (e), and 
so on to any extent. The reader may exercise himself in tracing 
the variations of for^i b these curves, as they go through the sev- 
eral phases of their periodic excursions during one complete period 
of a vibration of the whole string as one cord. 

d. Experience again confirms thb result of theory. It was long 
known to musicians that, besides the principal or fundamental note 
of a string, an experienced ear could detect in its sound, when set 
in vibration, especially when very lightly touched in certain points, 
other notes, related to the fundamental one by fixed laws of har- 
mony, and which are called, therefore, harmonic sounds. They 
are the very same, which, by the production of distinct nodes, may 
be insulated as it were, and cleared from the confusing effect of 
coexbtent sounds, as in art. 60. They are, however, much more 
dbtinct in belb, and other sounding bodies, than in strings, in which 
only delicate ears can detect them. 

e. The production, of harmonic sounds from cords, and their 
divbion into aliquot parts, was first noticed in 167^ l^ Wallb, but 
the subject remained unattended to, till taken up by Sauveur in a 
valuable memoir, which first put thb part of the doctrine of acous- 
tics in a clear point of view. 

62. The monocbord is a very simple instrument, 
well adapted to exhibit these and all other phenomena 
of vibrating strings. 

a. It b nothing more than a singhe string of catgut, fixed at one 
end immovably, and at the other strained over a well-defined edge, 
which efi^ctually terminates its vibrations, either by .a known weight 
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The MoDOchord. 

or by screws. A similar well-defined edge is also interposed be- 
tween its fixed end and the vibrating portion^ and the interval 
between the two edges is graduated into aliquot parts, or in any 
other convenient way ; and it is provided with a movable bridge^ 
or piece of wood capable of being placed at any division of the 
scale, and abutting firmly against the string so as to stop its vibra-. 
tions, and divide it into two of equal or unequal lengths, as the case 
may be. 

6. By the aid of this instrument we may ascertain the number 
of vibrations which belong to any assigned musical note, or which 
correspond to the notes of any musical instrument, as a piano-forte, 
&;c. For when we have ascertained the weight of a known length 
of the catgut, of which the string is formed, and the weight which 
must be applied to stretch the cord, so as to make its fundamental 
tone coincide with any given note (as the middle G of a piano- 
forte) ; then by the formula ~-f^ we know the number of com- 

plete vibrations going and returning, and by the formula — -?- the 

number of oscillations from rest on one side of the axis to rest on 
the other, that is, the number of impulses made on the ear per 
second corresponding to that fundamental tone. 

To determine the same for any note sharper, higher y or more 
a4Mte than the fundamental note, we have only to apply the bridge, 
and move it backwards and forwards, till the sound of the vibrating 
part of the string is in unison with that of the note to be compared, 
of which the ear judges with the greatest precision ; then, if the 
length of this part, read off on the divided scale, be called Z; the 
number of its vibrations per second will be to that of the whole 
string L :: L : 1, and is therefore known. 

63. The contact of a solid body is not the only way 
of producing nodal points. If two cords equally tended, 
and in all other respects similar, but one only half, 
one third, or other aliquot part of the length of the 
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Other, be placed side by side, and the shorter be struck 
or sounded, the vibration will be communicated to the 
longer by the intervention of the air. The longer cord 
will thus at once be thrown into a mode of vibration, 
in which the whole length is divided into ventral seg- 
ments, each equal to the shorter string. 

To understand how this may happen, let us conceive 6rst two 
strings of equal length, one at rest, the other vibrating ; and let 
them be placed parallel, and side by side ; then the sonorous pulses, 
diverging at any instant from each point of the moving string, will 
arrive at once at each corresponding point of the other. The 
aerial molecules in their progress, while condensed, will press on 
the string and give it a very slight motion in their own direction ; 
in their retreat they will be followed by the string, whose vibra- 
tions by hypothesis are synchronous with their own ; but it will 
not follow them so fast as they retreat, and it will therefore be 
urged and accelerated by those behind. It will, however, come to 
rest, in its furthest point of excursion, at the same time with the 
aerial molecules, when its elasticity will begin to urge and accelerate 
it in the contrary direction. But now also the direction of the 
motion of the air has changed, and again conspiring with that of 
the cord still continues to accelerate it, and so on, till, after a very 
great number of repetitions of this process, the cord will be set in 
full vibration and will become itself a source of sound. 

But its sound will always be much fainter than that of the origi- 
nal vibrating cord, for this reason, viz, that its acquired motion is 
perpetually d'lssipated, laterally, into the surrounding air; for no cord 
is so exactly uniform, or so equally tended in every part of its 
transverse section, that it can vibrate rigorously on one plane. 
Hence it will inevitably begin to rotate, or to describe vibrations, 
whose plane is constantly shifting, and thus it will throw off later- 
ally a great part of the motion it receives from the air ; just as a 
body exposed to the radiation of a hot fire never acquires a tem- 
perature equal to that of the fire, part of the heat communicated 
being dissipated by lateral radiation. 
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64. Just as a small pull, repeated exactly in the 
time of its natural swing, will raise a great bell, or a 
trifling impulse a heavy pendulum, so the molecules of 
the air, in a state of sonorous vibration, will impress 
on any body, capable of vibrating in their own time^ an 
actual vibratory, motion ; and if a body be susceptible 
of a number of modes of vibration performed in differ- 
ent times, that mode only will be excited which is 
synchronous with the aerial pulsations. All other mo- 
tions, though they may be excited for a moment by 
one pulsation, will be extinguished by a subsequent 
one. 

In the vibrations of cords, which from their snnkall surface can 
receive but a trifling impulse from the air, the sounds and motions 
excited by this sort of sympathetic communication are feeble; but 
in vibrating bodies, which present a large surface, they beconae very 
great. 

It is a pretty well authenticated feat, performed by persons of a 
clear and powerful voice, to break a drinking-glass by singing its 
proper fundamental note close to it. Looking-glasses also are said 
to have been occasionally broken by music, the excursions of their 
molecules in the vibrations, into which they are thrown, being so 
great as to strain them beyond the limits of their cohesion. 

65. The way, in which the permanent or vibratory 
oscillations of a cord arise by reflection at its fixed 
extremities from a wave propagated along it progres- 
sively, may be rendered a matter of ocular inspection, 
if we take a long and pretty thick cord, fasten it at 
one end, and holding the other in our hands, give it a 
regular motion to and fro, transverse to the length of 

the cord. 

11 
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Difierence in the Quality of the T(Mie (^ Stringed Instraments. 

Progressive waves will thus arise, which , as soon as they reach 
the fixed end, aod are reflected, will be observed to interfere with 
those still on their way, and, as it were, to arrest them, producing a 
series of nodes and ventral segments, whose number will depend 
on the tension and frequency of the alternate motion communicated 
to the movable end. 

In this arrangement the continual periodic renewal of the primary 
impulse by the hand supplies the place of a reflecting obstacle at 
that end. 

66. The pitch of the sound of a vibrating string 
depends only on the number of vibrations made in a 
given time ; but its quality will depend partly on the 
nature of the string, and especially on its equality of 
thickness ; besides which, much may depend on the 
form and extent of the wave excited, or of the curve 
into which it is thrown. 

In instruments, like the violin or violoncello, played with a bow, 
or the guitar or harp, where the string is drawn softly out of its 
position and suddenly let go, this curve is probably single, and 
occupies the whole extent of the string. But in the piano-forte,* 
where the strings are struck, near one extremity, with a sharp, 
sudden blow, there can be little doubt that the vibration consists in 
an elevation or bulge, more or less extensive, running backwards and 
forwards. Fig. 12. represents the different phases of a single com- 
plete vibration of a string so struck. The first wave (a) is a single 
elevation ; it divides in (b) into two, running contrary ways ; in (c) 
that nearest the end A is reflected and takes a reversed position ; 
in (d) they advance the same way towards B; in (c) the unre- 
flected portion reaches B, is there reflected and reversed as in (/). 
I" (s) 't meets and coincides with the former reflected portion, 
there forming a depression equal and similar to the original elevation 
in (a), and as far distant from the end B as the former from A. 
After this the same steps are repeated in the reverse direction, till 
the original elevation is reproduced again as in (a). The waves. 
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Phases of a Vibration. Forms of Orbits. 

however, must be supposed to bear a much more considerable ratio 
to the whole string than in the figure. It is evident that the mag- 
nitude of this ratio must influence the quality of the tone, and thus 
a difference of character in the tone, according as the keys are 
struck with quick, short, brilliant blows ; or gently pressed, and the 
duration of the contact of the hammers with the strings prolonged 
for an instant of time, giving rise to a more moderate but sustained 
tentUo effect, by bringing a larger portion of the string, or even the 
whole, into motion at once. 

But whether the portion disturbed at once be large or small, 
whether it occupy the whole string, or run along it like a bulge in 
its line ; whether it be a single curve, or composed of several 
ventral segments with intervening nodes ; we must never lose sight 
of the fact, that the motion of a string with fixed ends is no other 
than an undulation or pulse continually doubled back on itself, and 
retained constantly within the limits of the cord, instead of running 
out both ways to infinity. 

67. It very seldom can happen that the vibrations 
of a string actually lie in one plane. Most commonly 
they consist of rotations more or less complicated, ex- 
cept when produced by the sawing of a bow across the 
string, when they are forcibly limited to the plane of 
motion of the bow. 

The real form of the orbit, described by any molecule, may be 
made matter of ocular inspection, by letting the sun shine through 
a narrow slit, so as to form a thin sheet of light. Let a polished 
wire be placed so as to penetrate this sheet perpendicularly to its 
plane, and the point where it cuts the plane will, at rest, be seen 
as a bright speck, but when set vibrating, it will form a continued 
luminous orbit, just as a live coal whirled round appears as a circle 
of fire. Fig. 13. exhibits specimens of such orbits, observed by 
Dr. Young. 



84 SOUND. [p. !!• CH. II. 'J^ 68. 

Curious Case of Vibration. 

68. A very curious case of a mode of vibrations, 
by which a string may be made to produce a sound 
graver than its fundamental note, is mentioned by 
M. Biot. 

If an obstacle be placed below the middle point of a vibrating 
string, so as just to touch, but not to press against it, and the string, 
be then drawn up vertically and let go, it will strike at every oscil- 
lation upon this obstacle, and bend over it, as in fig. 14., at every 
blow; thus resolving itself into two of half the length. Thus the 
first semi-oscillation will be performed as a whole, the next as a 
subdivided string. 

Let unity represent the lime of a complete oscillation from rest 
to rest of the whole string; then will the times, in which the 
different phases of the motion now in question are performed, be as 
follows : 

From the position ABC to the straight line AC = ^ 
From the position ^C to the position AED, DFC = ^ 
Back to the straight line . . . . . = ^ 
Back to the original position ABC . . . = J. 

Sura . . . . . . . • = ^ 

Thus the interval between two consecutive blows made by the string 
on the bridge is J of the time of oscillation of the string as a whole, 
from rest on one side of the axis to rest on the other, or of the im- 
pulses made by it on the ear when so vibrating. Hence, the blows 
on the bridge will be heard as a continued note, (though extremely 
harsh and disagreeable,) graver than that of the string vibrating as 
a whole, by the musical interval called a fifth. 
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Analogy between the Vibrations of Air in a Pipe and those of a stretched Cord. 



CHAPTER III. 

VIBRATIONS OF A COLUMN OF AIR OF DEFINITE LENGTH. 

69. The general equation representing the motions 
of the molecules of a stretched cord of indefinite 
length is, as we have seen, precisely similar in its 
form, and in that of its complete integral, to that of 
the particles of air in a sounding column. There sub- 
sists, of course, a perfect analogy between the two 
cases ; and, mutatis mutandis^ all propositions, which 
are true of a vibrating cord, are also true of a vibrating 
cylindrical column of air. 

70. Thus, if such a cylindrical column be inclosed 
in a pipe, stopped at both ends by perfectly immovable 
stoppers, and if we suppose any single impulse com- 
municated to one of its sections, this will immediately 
divide itself into two pulses running opposite ways ; 
they will be totally reflected at the two extremities, 
will pass over the whole length of the pipe, and be 
reflected again at the opposite extremities, and so on, 
crossing each other at each traverse. This motion 
will be continued, till it is destroyed by friction and 
by the imperfect fixity and rigidity of the stoppers, 
which allow some of it to pass into them and be lost at 
each reflection. 

If the length of the pipe is L ==/-(- /^, and / is the distance of 
the impulse from one of the extremities (^A) ; one of the pulses, 
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Effect of a Permanent Vibratory Initial Impulse. 



after describing the space / before and V after reflection, will meet 
the other, which has described V before and I after reflection, at a 
distance = I from the other extremity (B), and produce a com- 
pound agitation in the section at that place similar to the primitive 
disturbance ; thence the partial pulses will again diverge, and after 
undergoing another reflection will again unite in their original point 
of departure, constituting a repetition of the first impulse.. 

71. If the section first set in motion be maintained 
in a state of vibration, synchronous with the return of 
the reflected pulse, it will unite with and reinforce it 
at every return ; and the result will be a clear and 
strong musical sound, resulting from the exact combina- 
tion"'of the original periodic impulse with all its echos. 
This will be transmitted through the pipe to the outer 
air, and thus dissipated and lost. 

For simplicity, let us suppose the section primitively set in vibra- 
tion, and so maintained, to be situated just in the middle of the pipe. 
Then, when once the regular periodic pulsation of the contained 
air is established, it is evident that the motion of the column will 
consist of a constant and regular fluctuation to and fro within the 
pipe, of the whole mass, the air being always condensed in one 
half of the pipe while it is rarefied in the other. 

The greatest excursions from their place will be made by the 
molecules in the middle, while those at the extremities, being con- 
stantly abutted against the stoppers, remain unmoved, and the ex- 
cursions made by each intermediate molecule will be greater the 
nearer it is to the middle. 

On the other hand, the rarefactions and condensations are greatest 
at the extremities, and diminish as we approach the middle of the 
pipe, where there is neither condensation nor rarefaction. 

72. In the same way as a vibrating cord is suscepti- 
ble of division into its several aliquot parts all vibrat- 
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Subdivision of a Vibrating Column by Nodes. 

ing simultaneously, so may the aerial columii in our 
stopped pipe vibrate in distinct ventral segments. 

The manner in which this may take place will be evident on 
inspection of figs. 15. and' 16., where the arrows denote the direc- 
tions of the motions of the vibrating molecules, and where we see 
the immobility of the nodal sections is secured by the equal and 
opposite pressures of the molecules on either side of them. At 
these nodal sections, too, the same thing holds good as at the 
stopped extremities, their molecules remain constantly at rest, while 
yet they undergo greater vicissitudes of compression and dilatation 
than those in any other parts of the column. 

73. Precisely, too, as in tlie vibrations of strings, 
any number of these modes of vibration may go on 
simultaneously. 

Such combined modes may be produced by an expert flute 
player, by a nice adjustment of the force of his breath ; at least 
the octave of any note may be obtained without difficulty, and 
distinctly heard with the fundamental note. 

74. If, at a point half w^ay betvsreen two nodes, (re- 
garding the stopped ends as nodes,) w^e conceive a 
narrov^ ring of the cylindrical pipe, in w^hich the vibrat- 
ing column is contained, to be cut away, so as to open 
a free communication with the outer air ; it will no 
w^ay alter the vibrations of the column ; nor will the 
opening of a hole in the pipe at this place affect them. 
Also the sound of the pipe may be excited and main- 
tained by placing at this hole a vibrating body, whose 
vibrations are executed in equal times with those in 
which the excursions to an fro of the included sec- 
tions* are performed in the stopped pipe. Such an 
aperture is called an embouchure. 
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YibratioDs maintained in a Pipe by a Vibrating Disc. 

a, For, at such a point, the condensations and rarefactions are 
evanescent, and the amplitudes of the molecular excursions are at 
a maximum ; consequently, there will be no tendency for the air to 
pass in or out ; neither will its motion be impeded, being parallel 
to the axis of the column and without any lateral bias. 

b. But let us now conceive the one half (A) of the pipe entirely 
removed, and in its place a disc substituted exactly closing the 
aperture, and maintained, by some external cause, constantly in a 
state of vibration, such, that the performance of one complete 
vibration, going and returning, shall exactly occupy as much time 
as a sonorous pulse would take to traverse the whole length of the 
stopped pipe (^ + -S)j or double that of the open one (B). 

Its first impulse on the air will be propagated along the pipe (B) 
and reflected at the stopped end, and will again. reach the disc just 
at the moment when the latter is commencing its second impulse. 
But, the absolute velocity of the disc in its vibrations being exces- 
sively minute compared with that of sound, the reflected pulse will 
undergo a second reflection at the disc, as if it were a fixed stopper. 
It will, therefore, in its return exactly coincide and conspire with 
the second original impulse of the disc ; and the same process being 
repeated on every impulse, each will be combined with all its echos, 
and a musicaj tone will be drawn forth from the pipe, vastly supe- 
rior to that which the disc vibrating alone in free air would produce. 
This is, in fact, the simplest instance of the resonance of a cavity ; 
of which more hereafter. 

75. The fundamental sound of a pipe open at one 
end is the same with that of a pipe closed at both ends, 
and of double the length. 

For, in the preceding example, it is manifestly of no importance, 
whether the pulses reflected from the closed end of the pipe (B) 
undergo a second reflection at the disc, and are so returned back 
by the pipe, or whether we regard the disc as penetrable by the 
pulse, (i. e. a mere imaginary vibrating section,) and suppose the 
pulse to run on and be reflected at the extremity of the other biilf 
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(^A) of the bisected pipe (-4 -|- B), and on its return again to 
pass freely ihrougli the disc and be again reflected at the stdpped 
extremity of (B). The sounds produced will be the same, on the 
principle of the superposition of vibrations. 

76. The vibrations of a pipe open at one end may 
be easily excited and maintained by means of a vibrat- 
ory body placed before it and a strong sound pro- 
duced. 

Let any one take a common tuning-fork, and on one of its 
branches fasten with sealing-wax a circular disc of card of the size 
of a small wafer, or sufficient nearly to cover the aperture of a 
pipe. The sliding joint of the upper end of a flute, with the 
mouth-hole stopped, is very fit for the purpose, it may be tuned in 
unison with the loaded tuning-fork (a C fork) by means of the 
movable stopper, or the fork may be loaded till the unison is 
perfect. 

If the fork be then set in vibration by a 'blow on the unloaded 
branch, and the disc be held close over the mouth of the pipe, as in 
fig. 17., a note of surprising clearness and strength will be heard^ 
Indeed, a flute may be made to spe.aJc perfectly well by holding 
close to the embouchure a vibrating , tuning-fork, while the fingering 
proper to the note of the fork is at the same time performed. 

77. The most usual means of exciting the vibrations 
of a column of air in a pipe is, by blowing into, or 
rather over it, either at its open end or at an orifice 
made for the purpose at the side ; or by introducing 
a small current of air into it through an aperture of a 
peculiar construction called a reed. 

a. The reed is provided with a tongue, or flexible elastic plate, 
which nearly stops the aperture, and which is alternately forced 
away by the current of air and returns by its elasticity, thus pro- 
ducing a continued and regularly periodic series of interruptions to 

12 
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Vibrations excited by blowing over an Orifice. 

the unifomiitj of the stream, and, of course, a sound in the pipe 
corresponding to their frequency. Except, however, the reed be 
so constructed as>to be capable of vibrating in unison, or nearly so, 
with, at least, one of the modes of vibration of the column of air 
in the pipe, the sound of the reed only will be heard, the resonance 
^ of the pipe will not be called into play, and the pipe will not 
tpedk ; or will speak but feebly and imperfectly, and yield a false 
tone. 

6. But of reeds more hereafter ; at present, let us consider what 
takes place, when the vibrations of a column of air are excited by 
blowing over the open end of a pipe, or an aperture in its side. To 
do it effectually, the air must be directed in a small current, not 
intOy but across the aperture, as in fig. 18., so as to graze the oppo- 
site edge. By this means a small portion will be caught and 
turned aside down the pipe, thus giving a fii*st impulse to the con- 
tained air, and propagating down it a pulse in which the air is 
slightly condensed. This will be reflected at the end as an echo, 
and return to the aperture where the condensation goes off, the sec- 
tion condensed expanding into the free atmosphere. But in so 
doing, it lifts up, as it were, and for a moment diverts from its 
course the impinging current, and thus, while it passes, suspends 
its impulse on the edge of the aperture. The moment it has 
escaped, the current resumes its former course, again touches the 
edge of the aperture, creates there a condensation, and propagates 
downwards another condensed pulse, and so on. 

Thus the current passing over the aperture is kept in a constant 
state of fluttering agitation, alternately grazing and passing free of 
its edge, at regular intervals, equal to those in which a sonorous 
pulse can run over twice the length of the pipe ; or, more gener- 
ally, in which the condensations and rarefactions reour at its aper- 
ture in virtue of any of the modes of vibration of which the 
column of air in the pipe is susceptible. 

78. Wherever there is a communication opened be- 
tween the column of air in a pipe and the free atmo- 



p. II. CH. III. <§> 79.] VIBRATIONS OF A COLUMN OP AIR. 91 

Difference between the Vibrations of Air in an open Pipe and of a stretched Cord. 

sphere, that point will become a point of maximum 
excursion of the vibrating molecules, or the middle of 
a ventral segment. 

In such a point the rarefactions and condensations vanish, the 
air reducing itself constantly to an equilibrium of pressure with the 
free atmosphere with which it is in contact. Hence, if the pipe 
speak at all, it will take such a mode of vibration as to satisfy this 
condition, but, consistently with this, it may divide itself into any 
number of ventral segments. 

79. A pipe open at both ends can yield, if properly 
excited, a musical sound. 

The column of air in it vibrates in the mode represented in fig. 
19., where there is a node in the middle, and each ventral segment 
is only half a complete one. 

80. It is required to represent, in an algebraic for- 
mula, the time of vibration of a column of air, or the 
number of vibrations per second, corresponding to any 
mode of vibration. 

a. If the pipe is closed at both ends, as in fig. 16., let the num- 
ber of nodes, including the two stopped ends, be w, length of the 
pipe Z#, and V the velocity of sound in feet per second. 

The number of segments into which the pipe is divided will be 

n — - 1 ; and the length of each segment will be -. 

This length is travelled by a sonorous pulse in a time, equal to 
the length divided by the velocity of sound 

_ 1 L 

and this is the time of vibration of the middle section of it to 
which the sound corresponds. 

The number of vibrations per second is, therefore. 
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Times of Vibrations in Pipes. 



one second , ik V 

= (n_l).— , 



time of vibration L 

ID which any integer may be substituted for n greater than unity. 

Making, therefore, n = 2, 3, 4, &c. successively, we obtain 
the following series of the numbers of vibrations, corresponding to 
the diflferent tones of the pipe ; 

V V V 

h. If the pipe is open at one end, as in fig. 20., the stopped 
end must be regarded as a node. Calling the whole number of 
nodes thus included n, the number of complete ventral segments 
will be n — 1, and one half segment will terminate at the open 
end. Therefore 2(n — l) + l =2n — 1, will be the number 
of such halves contained in the length L. 

2 L 

The length of each complete segment is, therefore, ; and 

2 Ji— 1 

the number of vibrations per second is 

2i>— 1 V 
2~"- L' 

in which any integer may be substituted for n* 

Making, therefore, n = 1, 2, 3, &c., we obtain the following 
series of the number of vibrations, corresponding to the different 
tones of the pipe, 

V V V 

c If the pipe is open at both ends, as in fig. 21., let the number 
of nodes be n. The number of complete ventral segmeots will be 
n — 1, and there will be a half one at each end, making n seg- 
ment in the length L. 

The length of each complete segment is, therefore, — ; and 

the number of vibrations per second is 

V 

ID which any lUtegBr may be suhsrimted fiir a. 
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Making, therefore, n = 1, 2, 3, &c., we obtain the following 
series of the number of vibrations, corresponding to the different 
tones of the pipe, 

V y y 

1 • x7'^X^5 3.^, &c. 

d. Taking, therefore, for unity the number of vibrations per 
second in the fundamental tone, the series of harmonics will run as 
follows ; 

In a pipe stopped at both ends . . . 1, 2, 3, 4, 5, &c. 

open at both ends . . . 1, 2^ 3, 4, 5, &c. 

open at only one end . . . 1, 3, 5, 7, 9, &c. 

It being recollected, however, that in the last series the fundamen- 
tal note 1 is an octave lower than in the others, that is, performs its 
vibrations only half as rapidly. 

81. To produce the different sounds of which a pipe 
is susceptible, it is only requisite to begin with as gen- 
tle a blast as will make the pipe speak, and to augment 
its force gradually. 

a. The fundamental tone will be heard first ; and as the strength 
of the blast increases, will grow louder, till at length the tone all 
at once starts up an octave> that is, the interval between notes 
whose vibrations are as 1 : 2. 

By blowing still harder, the next harmonic 1 : 3, or, as it is called 
in music, the octave of the fifth, or the twelfth of the fundamental 
tone, is heard ; but no adaptation of the embouchure, or force of 
the wind, will produce any note intermediate between these. 

The next harmonic is 1 : 4, and corresponds to the double octave, 
or ffteenth of the fundamental tone ; and the next or 1 : 5, to the 
seventeenth^ or major third above the double octave. The next, 
1 : 6, corresponds to the nineteenth, or double octave of the fifth, 
und 80 on. (The explanation of these terms will be given here- 
after}. 



/ 
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* — ■ 

All the notes here enumerated are very leadily produced on the 
flute, without changing the fingering, from the lower C or D up- 
wards, by merely varying the force of the blast, and a little humor- 
ing the form of the lips and their position with respect to the 
embouchure. 

M. Biot, by adapting an organ bellows to regulate the blast, and 
give it the requisite force and uniformity, succeeded in drawing 
from a pipe furnished with a proper embouchure, not only these, but 
also the notes, represented in the harmonic series by 7, 8, 11, and 
12, but not 9 and 10, (the reason of which vacancy does not 
appear.) 

6. The rationale of the continual subdivision of the vibrating 
column, as the force of the blast increases, is very obvious. A 
quick sharp current of air, is not so easily driven aside by an exter- 
nal disturbing force ; and, when so driven, returns more rapidly to 
its original course, than a slow and feeble one. A quick stream, 
when thrown into a ripple by an obstacle, undulates more rapidly 
than a slow one. Consequently, on increasing the force of the 
blast, a period will arrive when the current cannot be diverted from 
its course and return to it so slowly, as is required for the produc- 
tion of the fundamental note. The next higher harmonic will then 
be excited, until, the force of the blast increasing, it becomes once 
more incapable of sympathizing with the excursions of the aerial 
molecules at the embouchure in thb mode of vibration, and so on. 

82. If we know the velocity of sound in the column 
of air included in a pipe, the length of the pipe, and 
the mode of vibration, the number of vibrations may 
be computed ; and vice versd^ if we know the number 
of vibrations made in a given pipe, vibrating in a 
known manner, we may thence compute the velocity 
of sound. This furnishes a ready and simple method 
of determining the velocity of sound in any gas or 
vapor. 
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The Column of Air, not the Pipe, is the Sounding Body. 

We have only to fill a pipe first with air, and then with the gas 
or vapor in question, and, having set them vibrating by any proper 
means, so as to draw forth their fundamental tone, to compare this 
with a monochord, or with any musical instrument possessing a 
regular scale or progression of notes, whose vibrations are known ; 
and having thus ascertained the number of vibrations per second, 
performed by a column of each medium, the Velocities of sound in 
the respective cases will be in the direct ratio of their numbers. 

It is thus that Chladni, and more lately. Van Rees, Frameyer, 
and Moll have ascertained the velocities of sound in the various 
media enumerated in art. 24. 

83. That it is really the air which is the sounding 
body in a flute, organ-pipe, or other wind instrument, 
appears from the fact, that the materials, thickness, or 
other peculiarities of the pipe, are of no consequence. 

A pipe of paper and one of lead, glass, or wood, provided the 
dimensions be the same, produce, under similar circumstances, ex- 
actly the same tone as to pitch. If further proof were necessary, 
the difference of pitch produced by filling the pipe with diflferent 
gases would place the point beyond a doubt. 

84. The difierence in the qualities of the tones, pro- 
duced by difierent pipes, is to be attributed to the 
friction of the air within them, setting in feeble vibra- 
tion their own proper materials. 

85. The influence of the size and situation of the 
embouchure of a pipe, and still more of the manner of 
exciting the vibrations of the sections of the aerial 
column near that place, are very material in determin- 
ing the pitch of the tone uttered. 

a. Were it possible to excite the aerial ^column to vibration by 
setting in motion a single section of it by a wish^ we should obtain, 
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doubtless, sounds always strictly conformable to the length of the 
pipe and its harmonic subdivisions as above ; but, in fact, the 
vibrating column of air and the extraneous body, (be it reed, 
tuning-fork, or stream of air,) which sets it in motion, exercise on 
each other a mutual influence ; they vibrate as a system, and the 
resulting tone may be made to deviate more or less from the pure 
fundamental tone of the pipe, according to the greater or less mass 
of matter, and the fixity of the vibrations of the apparatus by 
which the pipe is made to speak. 

h. When, for example, the cause of vibration is the mere pas- 
sage of a stream of air over the orifice, whose motions are almost 
entirely commanded by the condensations and rarefactions within 
the pipe, but little deviation can take place. Yet, by varying the 
inclination of the stream, (as in the case of the flute by turning the 
mouth-hole more inwards or outwards with respect to the lips,) and 
thus giving it a greater or less obliquity to the edge against which 
it strikes, we may alter the note very sensibly, as is known to all 
flute players. They, indeed, use this means of humoring the 
instrument, and playing in tune in keys which would otherwise 
be insupportable. 

86. In the diapason organ-pipe, whether open or 
stopped, a stream of air is admitted at the vertex of 
the conical lower end, but is prevented from passing 
through the whole length of the pipe by a plate of 
metal, separating the cone from the pipe, and is forced 
to escape through a narrow slit transverse to the axis 
of the pipe, in doing which it strikes against the edge 
of a thin piece of lead, or other flexible metal. 

This disposition will be understood by the inspection of the 
fig. 22., in which BB is the organ-pipe, and h cb the conical ap- 
pendage at its foot by which the air is admitted. One side of the 
pipe BLM is flattened and a little bent inwards, and at L a narrow 
slit is made, just opposite to the lower edge of which is the plate 
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of metal h b, which has its edge nearest the orifice a little cut 
away, so as not quite to fill the whole section of the pipe, but to 
leave a narrow slit parallel to the slit FF in the side of the pipe. 
Through this the air admitted at c escapes, and is directed in a thin 
sheet against the upper lip L of the lateral slit ; against which it 
breaks, as described in art. 77, and sets in vibration the column of 
air contained in the pipe. 

87. Harmonics of the fundamental note of the dia- 
pason pipe may be produced, either by increasing the 
force of the stream of air, or by diminishing the breadth 
of the slit through which the air escapes. 

o. If the stream of air be increased in strength, the pipe will 
yield the octave and harmonics of its fundamental note, forming the 
series 1, 2, 3, 4, &c. 

b. If, on the other hand, the current of air remaining constant, 
the breadth of the slit through which the air escapes be diminished, 
according to the experiments of Messrs. Blot and Hamel, harmon- 
ics will also be produced, but in the progression 1, 3, 5, 7, &c., 
the octaves of the fundamental note and of all the others being 
entirely wanting. 

88. In reed-pipes, or those in which the vibrations 
are excited and maintained by passing a current of air 
into a pipe through a reed, the influence of the reed 
on the pipe is very great. The most perfect and pure 
tone is produced, of course, when the reed and the 
pipe separately are pitched in unison, but a considera- 
ble latitude in this respect exists ; and within certain 
limits, depending on the mass and stiffness of the reed, 
as compared with the dimensions of the pipe, a power 
of mutual accommodation ^subsists, and a mean tone is 

produced, less powerful, and less pure and pleasing, 

13 
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however, as the pipe is more forced from its natural 
pitch, until it ceases to sound altogether, and the note 
produced, if any, is that of the reed alone. 

a. In this respect there is, however, a great difference in pipes 
of different sizes. In large organ-pipes the reed vibrates with 
nearly the same freedom as in the open air, and will, therefore, 
speak when the pipe has ceased to resound. But in small and 
narrow pipes, as in oboes and other similar wind-instruments, a 
much closer correspondence between the pitches of the reed and 
pipe is required, or the reed will not vibrate. 

J. Messrs. Biot and Hamel adapted to a glass pipe a reed of 
the ordinary construction, represented in fig. 23, in which the- 
vibrating tongue L, (by whose oscillations the opening of the reed 
at jR is alternately opened and closed,) could be lengthened or 
shortened at pleasure, by thrusting in or withdrawing a wire Ffy 
which bears with a slight spring a'gainst the tongue at f. 

The blast of wind being maintained constant, the reed was made 
to yield its gravest note, by withdrawing the wire as far as possible; 
after which, by pushing it in, the pitch of the reed was gradually 
raised. It was observed, then, that the tone of the pipe grew con- 
stantly more acute ; but, after a certain point, it began to diminish in 
intensity, till at length no sound could be heard. At this point, 
the tongue of the reed, being narrowly examined through the glass, 
was observed to be still in rapid vibration ; but its vibrations were 
performed entirely in the air, so as not to strike upon and close the 
OTifice. A constant passage, then, being left for the air, the vibra- 
tions of the pipe could not be excited. 

But this state of things continued only so long as the tongue 
was of that precise length. The moment the wire was pushed in 
by the smallest quantity, the sound sprung forth anew of a pitch 
still corresponding with the shortened state of the tongue. 

89. The influence of the air in a pipe on the reed, by 
which it is set in vibration, causes the qtialitt/ of the 
tone of a reed-pipe to depend materially on its figure. 



p. II. CH. III. 4> 90.] VIBRATIONS OF A COLUMN OF AIR. 99 

Influence of the Keed on the Quality of the Sound. Greni^'s Reed. 

Thus it is found that a reed-pipe of the funnel-shaped form, 
(fig. 24,) composed of two cones, one more divergent than the 
other, set on an orifice, gives the clearest and roost brilliant tone ; 
but, on the other hand, if the upper cone be reversed, so as to 
contract the aperture, (fig. 25,) the sound is stifled. But when 
two similar cones, placed base to base, are adapted to the aperture 
of a long conical pipe, as in fig. 26, the sound acquires remarkable 
fullness and force. This belongs, however, to a most intricate part 
of the theory of sound, the vibrations of masses of air in cavities 
of any form. 

90. The quality of the tone produced by reed-pipes 
will also of course materially depend on the construc- 
tion of the reed itself, and the substance of which it is 
composed. 

If the vibrating lamina be of metal, and at every vibration it 
strikes on a metallic orifice, these blows will be heard, and will give 
a harsh, rude, and screaming character to the sound. If the edges 
of the aperture be covered with soft leather, this is much alle- 
viated. 

But if, instead of covering the aperture by striking on it, the 
tongue is so constructed as merely to obstruct it, by passing back- 
wards and forwards through it at each oscillation, care being taken 
to make it Jit without touching the edges of the aperture, these 
blows are avoided altogether ; the tongue coming in contact with 
nothing but air during its whole motion. In consequence, its tone 
is remarkably soft and pure, and free from any harshness. 

The invention of this reed is ascribed by Blot to M. Grenie, 
who has taken out a patent for it ; but, without erecting a prior 
claim on the part of Kratzenstein, we may bring forward a very 
familiar instrument, the Jew's-harp, as ofifering, at least, an appa- 
rent analogy with M. Grenie's reed. 

91. The construction of the Jew's-harp is so well 
known that there is no need to describe it ; and 



100 SOUND. [p. II, CH. III. <^ 92. 

The Jews-Harp. The German Harmonica. 

although the theory of of it be somewhat obscure, there 
can be littlie doubt that its action is that of a reed, 
which calls into play the resonance of the cavity of 
the mouth, and sympathizes with it in its vibrations, at 
least in some of their modes. 

This instrument is much\ mistaken and unjustly contemned. 
Nothing can exceed the softness, sweetness, and delicacy of it, 
when carefully constructed and played, as by M. Eulenstein ; and 
this might be expected from a reed in which the tongue is perfectly 
at liberty. 

That the instrument itself vibrates in unison with the note 
It calls forth, is evident from the fact, that when merely held 
before the open mouth, or lightly retained between the lips, 
its sound is feeble and scarce audible, but acquires a great 
accession of force, when brought in contact with and firmly held 
between the teeth ; the note is still further sustained and reinforced 
by directing a current of air forcibly through it. It is not here 
meant to say, that the great oscillations to and fro of the tongue 
are commanded by tli€ resonance of the cavity, or are performed 
in the same time with its vibrations. On the contrary the spring is 
far too strong and large to admit of this. It is more probably by a 
series of subordinate vibrations, going on in the tongue while oscil- 
lating, that the sympathy is established. 

92. The instrument called the German harmonica 
is a reed, on M. Grenie's principle, consistmg of noth- 
ing but a very thin lamina of brass, of the form of an 
oblong parallelogram, fixed by one of its narrow ends 
in a frame of its own shape, but just so much larger 
as to allow of its free motion. 

This instrument vibrates by a blast urged through it, yielding a 
clear musical tone of a very pleasing character and fixed pitch. 

If placed at the end of a pipe, it performs the office of a reed, 
and its tone commands, or is commanded by the pipe accordinf 
to circumstaDces, as above explained. 
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93. When the action of the embouchure of a pipe 
is so decided as to be incapable of being, to any sensi- 
ble extent, commanded or influenced by the resonance 
of the pipe ; as, for instance, when the column of air 
in a stopped pipe is set in vibration by a tuning-fork 
furnished with a disc, as in fig, 17, the pipe will sound, 
and reinforce the sound of the tuning-fork, but more 
and more feebly, as the pitch of the latter departs 
more and more from that of the pipe. 

The experiment is easily made by tuning the upper joint of a 
flute, with the mouth-hole stopped, exactly in unison with a fork, 
and then moving the piston of cork at tlie end of the pipe to and 
fro, or loading the fork with wax, so as to put it more or less out of 
tune. The fork and aerial column vibrate as a system, in which 
the former has so much the preponderance as to command the 
latter completely. 

94. The preceding principle, combined with the 
principle of the superposition of vibrating motions and 
the simultaneous coincidence of difierent modes of 
vibration in the same vibrating body, is curiously illus- 
trated in a remarkable experiment, by which a pipe is 
made to yield, at the same time, two different and dis- 
cordant^notes. 

If, instead of one, two disked tuning-forks be held over the 
mouth of a pipe side by side, both nearly in unison with the pipe, 
but purposely tuned out of unison with each other, by an interval 
so small as to produce strong beats, (see the following chapter 
on beats ;) both sounds at once will be reinforced by the pipe ; 
and the beats will be heard with the same degree of distinctness, 
as if two pipes, each in unison with one of the forks, were sound- 
ing side by side. The same column of air, then, at the same 
time, is vibratmg as a part of two distinct systems ; and each series 
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of vibrations, however near coincidence they may be brought, con- 
tinues perfectly distinct and absolutely free from any mutual influ- 
ence. To those, who have not tried the experiment, the fact of a 
pipe actually out of tune with itself, and yielding two notes in 
irreconcilable discord with one another, yet both equally clear and 
loud, will, at first sight, appear not a little extraordinary. 

95. One of the most singular species of pipe is that 
employed in the organ to imitate the human voice. 

It is composed of a very short conical pipe, (fig. 27,) the base 
upwards, surmounted by a short cylinder, and the pitch is regulated 
entirely by the reed. There is a circular operculum which half 
closes the open end of the cylinder, to imitate the lips, the reed 
performing the part of the larynx, and the pipe itself, that of the 
cavity of the throat and mouth. 

This pipe, when well executed, imitates the human voice ex- 
tremely well ; but with a peculiar nasal twang, and somewhat of a 
screaming tone. 

96. Chimney-pipes, (fig. 28,) are those which are 
closed at the upper end by a cover, through the centre 
of which a pipe of smaller diameter is passed, as a con- 
tinuation of the lower one. Their sound is interme- 
diate between those of open and stopped pipes of the 
same length. 
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CHAPTER IV. 

MUSICAL INTERVALS, HARMONY, AND TEMPERAMENT. 

97. Our appreciation of the pitch of a musical sound 
depends, as we have seen, entirely on the number of 
its vibrations performed in a given time. Two sounds, 
whose vibrations are performed with equal rapidity, 
whatever be their difference in quality or intensity, 
affect the ear with a sentiment of accordance which 
we term a unison; and which irresistibly impresses on 
us the conviction of a perfect analogy, or similarity 
between them, which we express by saying that their 
pitch is the" same, or that they sound the same note. 

In fact their impulses on the air, and on the ear, through its 
medium, occurring with equal frequency, blend, and form a com- 
pound impulse, differing in quality and intensity from either of its 
constituents, but not in the frequency of its recurrence ; and, there- 
fore, the ear will judge of it as of a single note of intermediate 
quality. 

98. But when two notes not in unison are sounded 
at once, the ear distinctly perceives both, and, (at 
least with practice, and some ears more readily than 
others,) can separate them, in idea, and attend to one 
without the other. 

But besides this, it receives an impression from 
them jointly, which it does not acquire when sounded 
singly, even in close succession, an impression of con- 
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cord, or dissonance as the case may be ; and is irre- 
sistibly led to regard some combinations as peculiarly 
agreeable and satisfactory, and others as harsh and 
grating. 

99. Now it is invariably found that the agreeable 
sounds are those, and those only, in which the vibra- 
tions of the individual notes are in some very simple 
numerical proportion to each other, as 1 to 2, 1 to 3, 
1 to 4, 2 to 3, &c. ; and that the concord is more 
satisfactory and more pleasing, the lower the terms of 
the proportion are, and the less they differ from each 
other. 

While, on the other hand, such notes as vibrate in 
times bearing no simple numerical ratio to each other, 
or in which the times of the ratio are considerable, as 
8 : 15, for example, when heard together produce a 
sense of discord, and are extremely unpleasant. This 
simple remark is the natural foundation of all bar- 
mony. 

a. Next to a unison, in which tlie vibrations of the two notes 
are as 1 : 1, the most satisfactory concord is the octave, where the 
vibrations are as 1 : 2, or one note performs two vibrations to each 
single one of the other. The octave approaches in its character to 
a unison ; and, indeed, two notes so related, when played together, 
can hardly be separated in idea ;' and, when singly, appear rather 
as the same note differently modified, tiian as independent sounds. 

The reason of this will be evident on inspecting fig. 29, where 
the dots in the upper line represent the periodically recurring im- 
pulses on the ear produced by the vibrations of the aculer note, 
while those in the lower represent the same impulses as produced 
by those of the graver. As the ear receives these all in tlie order 
tbey are placed, it will be the same thing as if they were produced 
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by two sounds, both of the graver pitch, but one of a different in- 
tensity and quality from the other ; the one having its impulses 
(represented by :) the sum of two separate impulses of the octave 
sounds; the other consisting of the alternate impulses {*) o( the 
acuter only. 

J. In like manner the octave of the octave^ or the Jifteenthj as 

it is called in music, which consists of notes whose vibrations are 

as 1 : 4, is a very agreeable and perfect concord ; as are, indeed, 

all the scale of octaves 1 : 8, 1 : 16, &c. They all partake of 

the peculiar character of the octave, a sense of perfect adjustment 

or identity. 
I 

c. The next in order is the combination 1 : 3, where the vibra- 
tions of the graver note are trisected by those of the acuter, as in 
fig. 30, which gives a concord called the twelfth^ a very agreea- 
ble one. 

In this, if we substitute for the note 1 its octave S, we shall have 
the concord whose vibrations are in tiie ratio of 2 : 3 ; or, as we 
shall call it for brevity, the concord 2 : 3, whose pulsations are rep- 
resented in fig. 31. This concord is termed the ^yi^A, and is a 
remarkably perfect and agreeable one, even niore so than the 
. twelfth, which, although simpler in a numerical estimate, yet from 
the greater interval between its component notes, allows them to be 
more readily distinguished, while the notes of the fifth blend much 
more perfectly. 

If, instead of substituting for 1 its octave 2, we substitute its 
double octave 4, we get the concord 4 : 3, (fig. 32,) or the fourth^ 
which may be regarded as a sort of complement of the fifth, and 
is also very agreeable. 

rf. The concords 1 : 5, 2 : 5, and 4 : 5, (fig. 33,) especially 
the latter, in which the tones approach pretty near to each other, 
are all remarkably agreeable. The last is called a major third, 
and the two former are regarded rather as varieties of it than as 
independent concords, and are called the tenth and the seven- 
teenth, 

14 



106 SOUND. [p. II. cH. m ^ 100. 



The Minor Sixth ; the Major Sixth. Discords and their Resolution. 

The concord 8 : 5, (fig. 33,) (which is the complement to 4 : 5 in 
the same sense as 4 : 3 the fourth is to 2 : 3 the fifth,) is called the 
minor sixth, and, is almost equally agreeable with the major third, 
to which it is related. 

The concord 3 : 5, (fig. 34,) is called the major sixth, and, as 
well as its complement 6 : 5, or the minor third, though pleasing, 
is decidedly less satisfactory than the foregoing; and, as we see by 
casting our eyes on the figure, the periods of recurrence of their 
combined pulses in the same order is longer and more complex. 

e. Higher primes than 5 enter into no harmonic ratios. Such 
combinations, for instance, as 1 : 7, 5 : 7, or 6 : 7, are altogether 
discordant. The same may be said of the more complicated com- 
binations of the lower primes 1, 2, 3, 5. The ear will not endure 
them and cannot rest upon them. 

100. When a discord is sounded, a sense of craving 
for a change is produced, and this is not satisfied but 
by changing one or both of the notes so as to fall, 
as easily as the case will permit, into some one of the 
concords above enumerated. This is called the reso- 
lution of a discord ; and such is the constitution of our 
minds in this respect, that a concord agreeable in itself 
is rendered doubly so by being thus approached through 
a discord. 

For example, let us take the ratio 5 : 9, which is called a flat 
seventh, a combination decidedly discordant. If we multiply the 
terms of this ratio by 5, we get 25 : 45. A small change in one 
of the notes will reduce this to 27 : 45, or 3 : 5, a major sixth, an 
agreeable concord. 

Now this will be done, if, retaining the lower note 5 or 25, we 
change the upper one from 45 to 45 X ff ; that is to say, to a 
note whose vibrations are to its own as 25 : 27. This ratio corre- 
sponds to a musical interval called a semitone. Hence the discord 
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m question will be satisfactorily resolved by holding on its lower 
note, and making its upper on^ descend a semitone. 

101. On the proper alternation of concords and dis- 
cords the whole of musical composition depends ; but 
though the principle above stated must be satisfied in 
the resolution of every discord, there are other rules to 
be attended to, by which our choice is limited to some 
modes rather than others. 

For example, in the foregoing instance it is the upper note which 
must descend a semitone. The ascent of the lower by the same 
interval, which would equally change the ratio as above indicated, 
would ofiend against other precepts with which we have here noth- 
ing to do. 

102. The interval, as it is called in music, between 
the two notes of which any simple concord or discord 
consists, depends not on the absolute number of vibra- 
tions which either makes in a given time, but on their 
relative proportion. 

For it is no matter how slowly, or how rapidly, the vibratiods 
take place, provided the order in which their impulses reach the 
ear be the same. Hence, if the vibrations 4 and 5 produce on the 
ear the agreeable effect of a major third ; two notes, each an 
octave higher, or having their vibrations respectively 8 and 10 ; 
or, in general, any two, having their vibrations in this ratio, will pro- 
duce the same effect. 

' This is a matter of experience ; but the inspection of the figures 
representing the order of succession of the individual vibrations 
enables us to understand its reason. 

103. The diatonic, or natural scale is a series of 
notes, which all ages and nations have agreed in 
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adopting as the foundation of their music ; and, with 
the vibrations of its respective notes, it stands as fol- 
lows : 

Signs . . . (1). (2). (3). (4). (5). (6). (7). (8). 
IntCTvllf i • • ^^*- ^^' ^^- ^^^- ^^^- ^^^' ^^^' ®^^- 

Ratios Of> - tf 5 4 3 6 15 o 

Vibration i • • l» ^> *' *' ir> *, V, ^. 

or multiplying all by 24, to avoid fractions, 

24, 27, 30, 32, 36, 40, 45, 48. 

This scale consists of seven distinct notes ; for the 
eighth being the octave of the first is regarded as a 
mere repetition of it. And if we add to it on both 
sides the octaves of all its tones above and below, and 
again the octaves of these, and so on, we may continue 
it indefinitely upwards and downwards. 

When all its notes are sounded in succession, 
whether upwards or downwards, the effect is univer- 
sally acknowledged to be pleasing. The ear rests with 
perfect satisfaction on the fundamental note, and the 
intervals succeed each other gracefully, with sufficient 
variety to avoid monotony. 

a. If we take any note for a fundamental sound, and tune a 
string or a pipe so as to vibrate with the degree of rapidity corre- 
sppnding to that sound, and represent by unity the number of vibra- 
tions it makes per second ; and if we also tune other strings to make 
in the same time respectively the numbers of vibrations represented 
by |, ^, ^9 h^y ^"^ ^ben sound all these strings in succession, 
beginning with the fundamental note ; we shall perceive that two 
of the sequences, the first and last, are much wider than the rest, 
and would admit of the interpolation of a note between each. 
This series is the same as that of the diatonic scale deprived of its 
k^ond and seventh notes. 
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b. It is no longer possible to choose for these interpolated notes 
such as will niake concordant intervals with any of the rest, or 
their octaves. But in order to obtain as many concords as possible 
in the scale, so as to produce the roost harmonious music,' they are 
made to harmonize with that note which bears the nearest relation 
to the fundamental one, (for its octave is regarded as a mere repe- 
tition of itself,) i. e. the fifth. 

c. The vibrations of a note a fifth higher than the fifth are repre- 
sented by f X f> or f ; and as this is greater than 2, it lies beyond 
the octave. We must therefore tune our interpolated string an 
octave lower, or to the vibration f , and thus get the second. 

d. The vibrations of a note greater than the fifth by a major third, 
which is the next most harmonious interval on the scale, are repre- 
sented by f X f or y ; and this represents the seventh. 

104. Although the diatonic scale may be continued in- 
definitely, the ear will not follow its additional tones to 
an unlimited extent. But the whole range of human 
hearing, comprised between the lowest notes of the 
organ and the highest known cry of insects, seems to 
include about nine octaves. 

a. When the vibrations are less numerous than about 16 per 
second, the ear loses the impression of a continued sound ; and 
perceives, first, a fluttering noise, then a quick rattle, then a suc- 
cession of distinct sounds capable of being counted. 

6. On the other hand, when the frequency of the vibrations ex- 
ceeds a certain limit, all sense of pitch is lost ; a shrill squeak, or 
chirp, only is heard ; and what is very remarkable, many individu- 
als, otherwise no way inclined to deafness, are altogether insensible 
to very acute sounds, even such as painfully affect others. This 
singular observation is due to Dr. Wollaston. 

Nothing can be more surprising than to see two persons, neither 
of them deaf, the one complaining of the penetrating shrillness of 
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a sound, while the other maintains there is no sound at all. Thus 
while one person mentioned by Dr. WoUaston could but just hear 
a^note four octaves above the middle E of the piano-forte, others 
have a distinct perception of sounds full two octaves higher. The 
chirp of the sparrow is about the former limit ; the cry of the bat 
about one octave above it ; and that of some insects probably more 
than another octave. 

c. It is probable, however, that it is not alone the frequency of 
the vibrations which renders shrill sounds inaudible. There is no 
reason why an impulse, if strong enough singly to afiect the ear, 
should lose its effect if repeated many thousand times in a second. 
On the contrary, such repetition would render the noise intolerable. 

But this is not the case with musical sounds ; their individual 
impulses would, probably, be quite inaudible singly, and only im- 
press by repetition. Now, as vibrating bodies have only a certain 
degree of elasticity, extreme frequency of vibrations can only take 
place when their dimensions are very minute ; and consequetitly 
the excursions of their molecules from rest, and their absolute 
velocities, excessively minute also. 

Thus, in proportion as bounds are more acute, their intensityy 
which depends wholly on the extent and force of their vibrations, 
diminishes. No doubt, if by any mechanism a hundred thousand 
hard blows per second could be regularly struck by a hammer on^ 
an anvil, at precisely equal intervals, they would be heard as a 
most deafening shriek ; but in natural sounds the impulses lose in 
intensity more than they gain in number, and thus the sound grows 
feebler and feebler till it ceases to be heard. 

105. The limits of the sense of hearing possibly, 
indeed probably, vary with different animals. 

As there is nothing in the nature of the atmosphere to prevent 
the existence of vibrations incomparably more frequent than any 
of which we are conscious, we may imagine that animals like the 
Gryllij whose powers appear to commence nearly where ours termi- 
nate, may have the faculty of hearing still sharper sounds, which 
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we do not know to exist ; and that there may be other insects 
hearing nothing in common with us, but endued with a power of 
exciting, and a sense which perceives vibrations, of the same 
nature indeed as those which constitute our ordinary sounds, but so 
remote that the animals who perceive them may be said to possess 
another sense, agreeing with our own solely in the medium by which 
it is excited. 

The same may, no doubt, be true of aquatic animals. The 
shrimp and the whale may have no sound in common. Spiders 
are said to hear the sound of music. 

106. By the aid of the ascending and descending 
series of sounds in the natural scale thus obtained, 
pieces of music perfectly pleai?ing, both in point of 
harmony and melody, may be played; and they are 
said to be in the key of that which is assumed as the 
fundamental note of the scale, or whose vibrations are 
represented by 1. 

If such a piece be analyzed, it will be found to con- 
sist entirely, or chiefly, of triple and quadruple combi- 
nations, or chords, such as the following : 

First. The common or fundamental chord, or chord 
of the tonicy or the 1st, 3d, and 5th, (1, 3, 5,) or the 
3d, 5th, and octave, (3, 5, 8,) sounded together. 

Secondly. The chord of the dominant^ or the notes 
(2, 5, 7,) sounded together. 

Thirdly. The chord of the sub-dominant j or the 
combination (1, 4, 6.) 

Fourthly. The false close^ or the combination (1, 3, 
6,) or (3, 6, 8.) 

Fifthly. The discord of the 7th, or (2, 4, 5, 7.) 

a. The common chord is the most harmonious and satisfactory 
chord in music, and when sounded the ear is satisfied, and requires 
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nothing further. It is, therefore, more frequently heard than any 
other, and its continual reeurrence in a piece of music determines 
the key it is played in. 

b. The fifth of the key-note is called, by reason of its near rela- 
tion to the fundamental note, the dominant The chord of the 
dominant is, then, the common chord of the dominant. 

c. Note (4) is the sub-dominant, and its common chord is the 
chord of the sub-dominant. 

rf. The false close is the common chord of jthe note (6), only with 
a minor third instead of a major. The term false close arises frpm 
this, that a piece of music, frequently before its final termination, 
(which is always on the fundamental chord,) comes to a momen- 
tary close on this chord, which pleases only for a short time, but 
requires the strain to be taken up again and closed as usual to give 
full sa,tisfaction. 

e. Tlie discord of the 7th consists of four notes; and is in fact 
the common chord of the dominant with the note immediately 
below it, or the seventh in order above it. The interval, however, 
between the notes (4) and (5), or between (5) and the octave of 
(4) next above it, is represented by the ratio, 

8 _1_ 3 16 

7 • 2- — F > 

or (taking 24 as the number of vibrations in a unit of time corre- 
sponding to note (1)) = 42 f. This interval, then, is less than 
the seventh of the diatonic scale, and is about half-way intermediate 
between the sixth and seventh of that scale. It is, therefore, called 
the flat seventh. (See article 108.) 

This discord resolves itself into the chord (3, 5, 8) ; and unless 
that combination, or one equivalent to it, follows, the ear is not 
satisfied. The notes (4) and (5) are the essential ones of this 
discord, and the others are regarded as accompaniments. If played 
together, the ear requires that in the next chord (4) should descend 
or be succeeded by (3), while the note (7) is required to rise or be 
succeeded by (8.) 
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107. With these chords and a few others, such as 
the chord of the 9th, whose essential notes are (1) and 
(2), or (1) and (9), may a great variety of music be 
played, but it would be found monotonous. The ear 
requires, in a long piece, a variety otkey. The funda- 
mental note occurs so often, that it seems to pervade 
the whole of the composition, and must therefore be 
changed. 5ut this change of key, which is called 
modulation^ is not possible without introducing other 
notes than those already enumerated. 

In order to play equally well in all keys, every note must have 
others which differ from it by the intervals of a second, a third, a 
fourth, &;c. But this is qot the case in the disltonic scale. Thus 
the number of vibrations in a unit of time, corresponding to the 
major third of the note (2), is 27 X f = 33^, nearly half way 
between those of note (4) and note (5). A new note would there- 
fore have to.be introduced, and similarly for other ratios or other 
notes. 

But this would require an enormous number of notes, and would 
render the generality of musical instruments too complicated. It 
becomes necessary, then, to consider how the number may be re- 
duced, and what are the fewest notes that will answer. 

108. The principle, on which the reduction of the 
number of notes is made, is, that, if two notes differ from 
each other by only one vibration in 80, the ear can 
hardly perceive the difference between them, and the 
substitution of one of them for the other will not be 
fatal to harmony. 

a. The interval between two such notes is |^, and is called a 
comma. 

b. As an example of this principle, we will apply it to the re- 

15 
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search of the fifth of note (2). The number of vibrations corre- 
sponding to the fifth of this note is 

27 X f = 40i, 
^hich only differs by a comma from 40, the vibrations of note (6) ; 
and, therefore, note (6) may be used as the fifth of note (2), or 
as the dominant when (2) is the key-note. 

109. Some new notes must, however, be interpolated ; 
and, when any note is introduced between two others 
of the scale, it is denoted in music by the sign # sharp ^ 
or b flat. 

Thus the major third of the note (2) is, as in art. 107, nearly 
half way between note (4) and note (5), and must, therefore, be 
interpolated. It is written either as (4) sharp, (4) S, or as (5) 
flat,{5)tL. 

110. The deficiencies of the diatonic scale are 
nearly supplied by the interpolation of a new note 
half-way between each of the larger intervals of the 
scale, thus 

iS^ 2#^ 4#^ 5#^ 6g^ 

1, or > , 2, or > , 3, 4, or > , 5, or > , 6, or > , 7, 8 ; 
2t23 312) 512) 612) 7l2) 

and the scale so interpolated is called the chromatic 
scale. 

111. Musicians have long been at issue on the most 
advantageous method of executing this interpolation ; 
and it is found necessary to depart from the pure and 
perfect diatonic scale, even in tuning the natnral notes. 
To do so with the least offence to the ear is the object 
of a perfect system of temperament. 

a. If, indeed, it were intended to give such a preference to the 
natural scale 1, 2, 3, 4, ho. as to make it perfect, to the sacrifice 
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of all the other keys, there would be little difficulty ; as a mere 
bisection of the intervals would, probably, answer every practical 
purpose. Thus 1# or 3i2 might be represented by y'(l X |); 
aS = 3l2 by V'd X i) and so on. 

b. But, in practice, no preference is given to this particular key, 
which is denoted in music by the letter C ; on the contrary, variety 
is purposely studied. If the ear absolutely required perfect con- 
cords, there could be no music, or but a very limited and monoto- 
nous one. But this is not the case. Perfect harmony is never 
heard, and if heard would probably be little valued, except by the 
most refined ears ; and it is this fortunate circumstance which ren- 
ders musical composition, in the exquisite and complicated state in 
which it at present exists, possible. 

112. The limits, to which the ear will bear a devia- 
tion from exact consonance of musical vibrations, may, 
however, be judged of by the alternate reinforcements 
and subsidences of the sound called beats^ which take 
place when two notes nearly, but not quite, in unison 
or concord are sounded together. 

The nearer the sounds of the strings approach to 
exact unison, the longer is the interval between the 
beats. When the unison is complete, no beats are 
heard. 

On the other hand, when it is very defective, they 
have the effect of a rattle of a very unpleasant kind. 

The complete destruction of the beats affords the 
best means of attaining by trial a perfect harmony. 

a. Conceive two strings, exactly equal and similar, and equally 
drawn out from the straight line, to be let go at the same instant ; 
and suppose one to make 100 vibrations per second, the other 101 ; 
let jtfaeiBa be placed side by sid,e, and at t^ie sanae distance from 
the ear. 
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Their first vibrations will conspire in producing a sound-wave of 
double force, and the impression on the ear will be double. 

But, at the 50th vibration, one has gained half a vibration on 
the other, so that the motions of the aerial particles, in virtue of 
the two coexistent waves emanating from either string, are not 
DOW in the same, but in opposite, directions ; and the two waves, 
beiDg by supposition of equal intensity, will, instead of conspiring, 
exactly destroy each other ; and this will be very nearly the case 
for several vibrations on either side of the 50th. Consequently, in 
ajlproaching the 50th vibration, the joint sound will be enfeebled ; 
there will be a moment of perfect silence, and then the sound will 
again increase till the 100th ; when the one string having gained a 
whole vibration on the other, the motions of the particles of air in 
the two waves will again completely conspire, and the sound will 
attain its maximum. 

i. If we call n the number of vibrations, in which one string 
gains or loses exactly one vibration on the other, and m the number 

of vibrations per second made by the quicker, - will be the interval 
between two consecutive beats. 

c. Beats will likewise be heard when other concords, as fifths, 
are imperfectly adjusted. 

Suppose one string to make 201 vibrations, while the other makes 
300 ; then, at and about the 100th of one, and the 150th of the 
other, the former will have gained half a vibration, and those vibra- 
tions of the one, which fall exactly on those of the other, (see 
fig. 31,) being performed with contrary motions, will destroy each 
other; those which fall intermediate only partially. The beats 
will then be heard, but with less distinctness than in the case of 
unisons. 

113. We Diay here notice an effect which takes 
place in perfect concords, and only in those which are 
very perfect, viz., the production of a grave sound by 
the mere concurrence of two or more acute ones. 
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a. If we examine the figure 31, which represents the succes- 
sion of vibrations in a perfect, fifth, we shall see that every third of 
the one coincides exactly with every second vibration of the other. 
These coincidences, (so delicate is the ear,) are remarked by it, 
and a sound is heard, besides the two actually sounded, of a pitch 
determined only by the frequency of the precise coincidences ; that 
is, in this case, a precise octave below the lowest tone of the 
concord. 

b. In general, if one note makes m vibrations and the other n, 
while another, of which they may be both regarded as harmonics, 
makes one, that one will be the resultant tone, provided m and n 
be prime to each other ; so that the only difficulty, in determining 
the resultant of two notes, is to determine of what they are both 
harmonics. 

This will be done by reducing m and /i, if fractions, to a common 



m' , n' 



denominator -— and -^ ; then, if m^ and n^ have no common fac- 

N N ■ 

1 . ' 

tor, — will represent the fundamental tone. If, then, m and n be 

integers, and without any common factor, the resultant will be 
represented by 1. 

# 

c. Hence follows a very curious fact, viz., that if several strings, 
or pipes, be tuned exactly to be harmonics of one of them, or to 
have their vibratlops in the ratios 1, 2, 3, 4, 5, &;c., then, if they 
be all, or any number of them, from the first onward, sounded 
together, there will be heard but one note, viz., the fundamental 
note. 

For they are harmonics of the first note 1 ; and, moreover, if 
we combine them all two and two, we shall find comparatively but 
few which will give other resultants, so that these will be lost, as 
well as the individual sounds of the strings, all but the first, in the 
united efifect of all the resultant unit sounds. 

But to produce this effect, the strings, or pipes, must be very 
perfectly tuned to be strict harmonics. The effect can never take 
place by touching the keys of a piano-forte corresponding to the 
harmonic notes, because they are always of necessity tempered. 
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114. To return to the subject of temperament ; the 
most simple method of distributing the imperfections 
of the chromatic scale is, to make the successive inter- 
vals between the notes all equal ; and the scale thus 
obtained is called the scale of equal intervals. 

This scale must, obviously, be the result of a system 
of equal temperament^ which consists in making all the 
octaves perfect, and all the fifths and thirds equally 
imperfect. 

a. If we count the semitones in the chromatic scale between (1) 
and (8), we shall find the number of -such intervals ISL If, then, 
we would have a scale exactly similar to itself in all its parts, and 
which would admit of our playing equally well in every key ; we 
have only to divide the whole interval from (1) to (8) into 12 
equal parts. But, as the interval between two notes is nothing but 
the ratio, or quotient of the number of vibrations of the second 
divided by those of the first ; these ratios are here all equal, or the 
numbers of vibrations form a geometrical series, whose first term 
is 1, last term 2, and number of terms 12 -[" 1 = 13. The fol- 
lowing must, therefore, be the series, 

1 = 2«, 2^, 2* 2T2r 2^ g . 

and the values of the fractions may be computed by logarithms, 
and we shall thus obtain the scale of equal intervals. 

h. The impossibility of forming a scale, exactly similar to itself 
in all its parts, of 12 or any other limited number of notes, in which 
the fifths and thirds, as well as the octaves, should all be perfect, 
appears from the consideration ; that, if we start from any note 
and obtain its fifth and then the fifth of this fifth, and again the 
fifth of this new note, and so on indefinitely, we shall never arrive 
at a note contained among the octaves of either of the notes before 
obtained ; but shall form an endless series of new notes which must 
all be inserted in the scale. The series of fifths will, ipdeed, be 

h f X f = (if, {if X I = (J)3, (1)4 . . . &c.. 
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and will consist of the difierent powers of §, while the series of 
octaves consists of the different powers of 2 ; but, since no power 
of 2 is exactly the same with any power of |, it is evident that 
no note can be found in one series which is contained in the other. 

c. Theoretically speaking, the iso-harmonic scale is the simplest 
that could be devised ; and, practically, though fastidious ears may 
profess to be offended by it, it must produce no contemptible har- 
mony. It has, however, one radical fault ; it gives all the keys one 
character. In any other system of temperament some intervals, 
though of the same denomination, must differ by a minute quantity 
from each other ; and this difference, falling in one part of the 
scale in one key, in another in another key, gives a peculiarity of 
quality to each key, which the ear seizes and enjoys extremely. 

This fact, in which, we believe, all practical musicians will agree, 
is alone sufficient to prove, that perfect harmony is not necessary 
for the full enjoyment of music. Most practical musicians seem to 
have no fixed or certain system of temperament; at least very 
few of them, when questioned, appear to have any distinct id^as on 
the subject. 

115. It is a mistake to suppose, as some have done, 
that temperament applies only to instruments with 
keys and fixed notes. Singers, violin-players, and all 
others, who can pass through every gradation of tone, 
must all temper, or they could never keep in tune with 
each other or with themselves. 

Any one, who should keep on ascending by perfect fifths, and 
descending by octaves or thirds, would soon find his fundamental 
pitch grow sharper and sharper, till he could at last neither sing nor 
play ; and two violin players accompanying each other, and arriv- 
ing at the same note by different intervals, would find a continual 
want of agreement. 

116. Many different systems of temperament have 
been proposed ; and some fruitless attempts have been 
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made to reduce the subject to arithmetical principles ; 
but it remains a mere matter of individual taste. It 
has generally been considered preferable, however, to 
preserve some keys more free from error than others ; 
partly for variety, and partly because keys with five or 
six sharps or flats are comparatively little used, so that 
these may safely be left more imperfect, (which is 
called by some, throwing the wolf into these keys.) 

a. A variety of systems of temperament have been devised for 
producing the best harmony by a system of 21 fixed sounds, viz. 
each note of the seven in the diatonic scale with its sharp and flat. 
The first and most celebrated is that of Huygens ; and an exceed- 
ingly refined system has also been proposed by Dr. Smith. Either 
system, no doubt, will give very good harmony ; but as on the 
piano-forte only 12 keys can be admitted, and as this instrument 
is now become an essential element in all concerts, and indeed the 
chief of all, a temperament must be devised which will accomodate 
itself to that condition. 

J. The system called by Dr. Smith that of mean tones, or the 
vulgar temperament, though the most inartificial, is probably as 
good as any which the nature of music admits, holding a sort of 
mean between the advantasjes and defects of all the rest. In this 
system, the third (3) of the diatonic scale is perfect, and the fifth 
(5) is tempered a little flat, flatter than a^ perfect fifth by a quarter 
of a comma. Note (2) is half-way between (1) and (3); (6) is 
the fifth of (2) and the third of (4) ; and (7) is the third of (5). 
The sharps and flats of the chromatic scale are inserted by bisecting 
the larger intervals. 

• 

c. Mr. Logier endeavoured to place the interpolation of the 

intermediate notes between those of the natural scale on a priori 
grounds, by assuming the flat seventh (7)l2 as the seventh harmo^ 
nic of the fundamental note (1) ; that is to say, the note produced 
by subdividing into seven equal parts the length of a string whose 
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fundamental tone is (1), or at least one of the octaves of that note. 
But sevenths, tuned on his principle, will require a much more 
violent temperament than either fifths or thirds, either of which 
might be used as a means of introducing the intermediate notes ; 
and the system must in consequence be abandoned, as must every 
system which professes to render musical arithmetic any thing more 
than a matter of convention and approximation. 



CHAPTER V. 

OF THE SONOROUS VIBRATIONS OF BARS, RODS, AND PLATES. 

117. The vibrations of all bodies, if of a proper 
degree of frequency, and of sufficient force to be com- 
municated through the air, or any other intermedium, 
to our organs of hearing, produce sounds whose pitch 
depends on their frequency ; and their force and qual- 
ity on the extent, or other mechanical circumstances of 
the vibrations, and the nature of the vibrating body. 
The mathematical investigation of these vibratory 
motions is altogether foreign to our purpose ; it is one. 
of the most intricate and least manageable branches of 
Dynamics. 

118. A solid body may vibrate, either in conse- 
quence of its inherent elasticity, by which it tends to 
return to its own proper figure and state, when forcibly 
deranged, or in consequence of an external tension. 

16 
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To the former sort of vibrations belong those of rods, tuning- 
forks^ plates, rings, bells, gongs, and vessels of all shapes, or gener- 
ally, of all solid masses v^hich ring when struck. To the latter, 
those of vibrating strings and membranes, such as the parchment 
of a drum or a tambourine, &c. 

119. But, further, a solid may vibrate by its own 
proper elasticity in two very different ways. 

First, an undulation may be propagated through it, 
as through an elastic compressible medium ; and in 
this case, the waves will consist of alternate strata of 
condensed and rarefied solid matter, precisely similar 
to those of an elastic fluid, the laws of motion in differ- 
ent directions varying with the varying elasticity of 
the solid. 

If the solid be homogeneous, such as the metals, glass, &c., 
the elasticity being the same in all directions, the waves will be 
propagated from the centre of disturbance, according to exactly the 
same laws as in a mass of air of the same shape. But, if crys- 
tallised, this may not be the case, or the vibrations, instead of being 
in the direction of the propagated wave, may be transverse or 
oblique to it, or may even not be confined to one plane, but may 
be performed in circles or ellipses. 

120. If a straight rod of glass, or a metal, be struck 
at the end in the direction of its length, or rubbed 
lengthways with a moistened finger, it will yield a 
musical sound, which, unless its length be very great, 
will be of an extremely acute pitch ; much more so 
than in the case of a column of air of the same length. 

The reason of this is the greater velocity with whk;h sound is 
propagated in solids than in air. Thus the velocity of propagation 
in cast-iron being 10^ times that in air, a rod of cast-iron so excited 
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Longitudinal Vibrations of a straight Rod. 

- - 

will yield for its fundamental note a sound identical with that of an 

1 

organ pipe -— of its length stopped at both ends, or ^ of its 

length if open at one end. See Chapter III. Part XL, all the 
details of which are applicable to the present case. 

To such vibrations Chladni, who first noticed them in long wires, 
has applied the term longitudinal. 

121. To produce the harmonics of such a rod or 
wire, it must be held lightly at the place of one of 
its intended nodes between the finger and the thumb ; 
and the friction must be applied in the middle of one of 
the vibrating segments. 

If the rod be of metal, the friction, which Chladni found to suc- 
ceed, was that of a bit of cloth sprinkled with powdered rosin ; if 
of glass, the cloth or the finger may be moistened and touched with 
some very fine sand or pumice powder. 

122. It may be observed here, that, generally speak- 
ing, a fiddle-bow well rosined is the readiest and most 
convenient means of setting solid bodies in vibration. 

To educe their gravest or fundamental tones, the 
bow must be pressed hard and drawn slowly ; but for 
the higher harmonics, a short swift stroke with light 
pressure is most proper. 

In all cases, the point intended to be a node must 
be lightly touched with the finger ; and the vibration 
must be excited in the middle of a ventral segment. 

The vibrations of a cylindrical rod or tube so excited are, in 
general, more complex than in the above case which was analyzed 
by Chladni. 
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Transverse Vibrations of a Rigid Rod, 

123. Secondly. By far the most usual species of 
vibration, executed by solid bodies, is that in which 
their external form is forcibly changed, and recovered 
again by their spring. 

124. The simplest case is that of a rod, executing 
vibrations to and fro in a direction transverse to its 
length. 

a. This case has been investigated mathematically by D. Ber- 
Douilll and Euler, as also by Riccati ; and their results have been 
compared with those of experiment by Chladni, and found correct. 

J. The cases enumerated by Chladni are six in number. 

I. When one end of the rod is firmly fixed in a vice or let into 
a wall, the other quite free. In this case, the curvature assumed 
by the rod in its vibrations must of necessity have its axis or posi- 
tion of rest for a tangent, as fig. 35. 

II. One end applied or pressed perpendicularly against an obsta- 
cle, the other free. In this case, the excursions of the applied end 
to and fro are prevented by the friction and adhesion to the obsta- 
cle, but the axis is not of necessity a tangent. See fig. 36. 

III. Both ends free. Fig. 37. 

IV. Both ends applied. Fig. 38. 
V. Both ends fixed. Fig. 39. 

VI. One end fixed, the other applied. Fig. 40. 

c. All these cases have been examined by Chladni at length. 
We shall, however, select only the fourth case where both ends are 
applied, because it will afford room for an important remark. In 
this, then, the several modes of vibration corresponding to 1, 2, 3 
vibrating or ventral segments of the rod will be as in figs. 38, 
41,42. 

Now these are similar to the curves which would be assumed by 
a vibrating string under the same circumstances of subdivision. 
But the notes produced are very different. For, whereas in the 
case of a string the vibrations of the successive harmonics are 
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Remark on the Origin of Harmony. 



represented by 1,2, 3, &c. ; in ihat of a rod they are represented 
by the squares of these numbers 1, 4, 9, &c., which correspond 
to double the former intervals. In all other cases the series is still 
less simple. 

125. This alone suffices to show the insufficiency of 
any attempt to establish, as some have wished to do, 
the M^hole theory of harmony and music on the aliquot 
subdivision of a vibrating string. 

Had vibrating rods or steel springs (which yield an exquisite 
tone) been always used instead of stretched cords, such an idea 
would never have suggested itself; yet no doubt our notions of 
harmony would have been what they now are. The same remark 
applies still more forcibly to the modes of subdivision of vibrating 
surfaces, which in many cases have their harmonics altogether 
irreducible to any musical scale. 

126. The most simple modes of vibration of a rec- 
tangular surface are those, which exhibit quiescent 
or nodal lines parallel to one of its edges. 

a. A rectangular plate may be regarded as an assemblage of 
straight rods of equal length, ranged parallel to each other. Sup- 
posing such an assemblage all set in vibration similarly and at once, 
they will retain their parallel juxtaposition during their vibration, 
and may, therefore, be supposed to adhere and form a plate. 
Consequently, among the possible series of vibrations of a rectan- 
gular plate will be found all those of a rigid rod, and the harmonics 
will be the same as those of the rod. 

h. When the same mode of vibration of different plates is com- 
pared, the number of vibrations is inversely as the square of the 
length of the plate ; but increase of breadth occasions no difference 
in the sound ; and the distance from a free end to a nodal line is 
rather less than half the distance between two nodal lines. 
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Vibrations of a Rectangular Plate in their Simplest Case. 



c. Fig. 43 a. shows the situations of the nodal lines, when the 
ends of the plate are fj-ee, and the number of the nodal lines is 
2, 3, 4, and 5. Figs. 43 b, and c. are profiles of the preceding, 
and represent the curvature of each parallel fibre perpendicular to 
the nodal lines at the two opposite limits of their vibrations. The 
quantity of motion at each point is indicated by the corresponding 
ordinate of the curve, and its direction by its situation above or 
below the horizontal line. 

d. It will be convenient to distinguish these states of motion, in 
which every corresponding point is moving in direct opposition. 
The first, i. will therefore be called the positive states of vibration ; 
and the second, c. the negative states of vibration. \Vben there 
is an even number of nodal lines, the positive state of vibra- 
tion may be considered as that in which the motion at the central 
part is above the plane of equilibrium, and tlie negative, that in 
which it is below it. 

127. The subdivision of a plane surface in vibra- 
tion by its nodal lines may be rendered visible to the 
eye, by holding it in a horizontal position and strewing 
it over with sand ; for the sand will be thrown away- 

from the vibrating parts and accumulate on those at 

rest. 

* 

In the preceding cases of the rectangular plate, the sand will 
then be arranged in straight lines across the plate parallel to its 
edges, and their distances apart and from the ends of the plate may 
be measured at leisure. 

128. If we suppose two similar surfaces with the 
same number of nodal lines to be superposed, and 
both to vibrate in concurrence, i. e. both either posi- 
tively or negatively, they will mutually assist each 
other's effects ; but if they vibrate in opposing direc- 
tions, they wijl destroy each other's motions, and the 
entire surface will be at rest. 
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Coexistence of Vibrations. Superposition of two Similar Modes of Vibration. 

129. When the rectangular surface is a square, it is 
obvious that it may vibrate in two different rectangular 
directions, so as to give the same sound, and present 
the same arrangement of nodal lines. Now, by the 
principle of the superposition of vibrations, these two 
modes of vibration may coexist, and produce a com- 
pound, in which the position of the nodal lines will be 
greatly changed ; but the number of vibrations, and 
consequently the pitchy will not materially diflfer from 
that of the components. 

«. If a plate is excited at a point where the motion of each 
rectangular mode of vibration is at its maximum, in the same direc- 
tion, and of equal intensity ; there is no reason why one mode of 
vibration should be produced in preference to ^the otiier. On calcu- 
lating the effect of such coexistence, Mr. Wheatstone found that , 
the resultants of these combined modes of vibration, similar in 
every thing but in their direction with regard to the sides of the 
plate, j^ave rise to new nodal lines which accurately corresponded 
with figures described by Chladni. 

6. The principal results of the superposition of two similar modes 
of vibration are these. ^ 

First. The points, where the nodal lines of each figure 
intersect each other, remain nodal points in the resulting 
figure. 

Secondly. The nodal lines of one figure are obliterated, when 
superposed, by the vibrating parts of the other. 

Thirdly. New nodal points or lines are formed wherever the 
vibrations in opposite directions neutralize each other. 

Fourthly. At all other points the motion is as the sum of the 
concurring, or the difference of the opposing, vibrations. 

c. A primary figure, having an even number of nodal lines, may 
be superposed two ways, and may consequently give rise to two 
distinct resultant figures; one, when the central vibrating parts, 
concur ; and the other, when they are in opposition. 
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Superposition of two Similar Modes of Vibration. Primary Vibrations. 

But if the number of nod&l lines in the primary figure is uneven, 
there can be only one resultant figure. 

rf. The nodal lines which thus result may be very easily ascer- 
tained. 

Take, as an example, the first mode of vibration having two 
parallel nodal lines. This, being superposed in two rectangular 
directions, and so that the states of vibration are opposing, (fig. 44,) 
it is obvious that .no lines of compensation can exist in the four 
rectangular segments o a a a, as every point included within them 
is actuated by concurrent motions. But, in all the other rectangles, 
they must necessarily be formed, as every point within them is 
afiected by two opposing motions ; and if the two modes be of 
equal intensity, the compensations must occur at every point equally 
distant from the two rectangular nodal lines, each appertaining to 
a different mode of vibration. The resultant figure will thus be 
found to consist of two diagonal lines, perpendicular to eadh other, 
and passing through the centre of the plate. 

But if the two superpositions vibrate in concurrence, (fig. 45,) 
the rectangles hhhh will be free from compensating points ; but 
these will occur in the other rectangles, and form a figure which 
also consists of diagonal lines. 

e. In the same manner the resultant of any two similar modes 
of vibration with nodal lines, parallel to the sides, may be proved 
to consist of lines parallel to the diagonals. 

130. It is not a necessary condition for the vibra- 
tions of a square plate, that the primary nodal lines 
shall be parallel to a side ; they may also be parallel 
to a diagonal, or to any line intermediate between a 
transverse and a diagonal line ; and these vibrations 
may be distinguished by the term primary vibrations. 

131. In these cases the superpositions take place 
according to the following rule. 
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Superposition of two Similar Oblique Vibrations of a Square. 

The axes of the superposed modes of vibration must 
make equal angles with a line parallel to the edges of 
the plate passing through its centre ; for, otherwise, 
the modes of vibration would not be similar. 

a. By the axis of a primary mode of vibration is meant a 
straight line passing through the centre of the plate, and parallel to 
the nodal lines. 

6. Considerations, of the kind already employed, will show that 
in all these instances the resultant figures consist of lines parallel 
to the edges of the plate, and that they are always the same in 
number as the nodal lines of a component mode of vibration, but 
differently distributed in the two directions, according as the angle 
of superposition varies. 

c. Some of the various primary modes of vibration, transverse, 
intermediate, and diagonal, and the angles which the nodal lines of 
two similar figures make with each other when they are superposed, 
are represented in the first column of Plates 5 and 6. In the 
second column of these plates are placed the figures resulting from 
their opposing superpositions ; and in the third column those which 
arise from their concurring superpositions. 

132. We obtain by experiment a limited number 
only of figures, which can be considered the resultants 
of primary modes of vibration consisting of any given 
number of oblique lines ; but it would seem, that. as 
the various degrees of obliquity are infinite, so there 
should be an infinite number of resultant figures pass- 
ing into each other by insensible gradations. By cal- 
culation this should be so ; but there is a cause of 
limitation in the circumstance that no resultant figure 
is maintainable, unless the greatest excursions of the 
external vibrating parts occur at the edges of the plate; 

17 
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Superposition of Four Vibrations of a Square. 

In the concurring superpositions of eight oblique lines, this con- 
dition can only be fulfilled when the angles they njake with each 
other are either 90^, or 143° 8'. In the opposing superpositions of 
tie same number of lines, the condition is fulfilled when the andes 
at which the lines are inclined are 118° 4' and 163° 44'. 

133. We are not, however, limited to binary super- 
positions. But four superpositions may coexist, when- 
ever the axis of the primary figure is oblique to the 
edges of the plate and differs from the diagonal. 

a. When the axis of a primary figure corresponds with a 
diagonal, or is parallel to the edges of the plate, it is obvious that 
there can be only one other line of equal length, which can be 
considered as the axis of a similar and isochronous mode of vibra- 
tion. In these cases, it is evident, therefot-e, that there can only be 
two superpositions. 

But in every intermediate direction of an axis, as AB (fig. 46,) 
there are three other lines A^B\ A'^B", A"B"\ of equal length, 
which constitute axes of similar modes of vibration ; and four 
superpositions can therefore take place. 

J. It would be a tedious and laborious process to ascertain a 
resultant figure by combining its four component modes of vibra- 
tion ; but the same purpose will be effectually answered by com- 
bining them first in pairs, as in art. 131, and then combin- 
ing two of these first resultants rectangularly together. The 
fourth and fifth columns of plates 5 and 6 contain the resultants of 
four superpositions of the primary figures of the first column. 

134. All the modes of vibration, of which a square 
plate is susceptible, are either primary, or can be 
obtained from primary vibrations of the same sound by 
successive superpositions. 

a. Chiadni, to whom is due the sole merit of having discovered 
th« symmetrical figures, exhibited on plates of I'egular forms when 



p. If. CH. V. ^ 134.] VIBRATIONS OF RODS AND PLATES. iSl 

Causes of DifFerence between Calculation and Experiment. 

caused to sound, investigated the vibrations of square p)ates with 
great accuracy, and delineated 90 of their different modes^ of vibra- 
tion. 

b. Mr. Wheatslone was the first to give a correct s^nalysis of 
these vibrations. He formed all the different combinations arising 
from two or four superpositions of similar primary vibrations, the 
number of whose nodal lines did not exceed 12. On comparing 
his <;alculated figures with those obtained experimentally by 
Chladni, the greater number were found exactly to agree. There 
are, however, some differences which can easily be explained. 

c. In the first place, there is an obvious cause of error in deline- 
ating figures from experiment, from this circumstance; that the 
sand accumulates in the spaces where two convex curves are near 
and opposite to each other, the motion being there very small, so 
that it is difficult to ascertain whether the curves join, or oot. 

d. Secondly, inequalities in the plate will sometimes occasion 
lines which ought to intersect each other, to appear separated 
curves. ' 

c. Another cause of difference is this ; when the lines of one 
component figure very nearly coincide with those of the other, but 
without actually doing so, the resultant figure may be such as would 
arise from their actual superposition, instead of that which accurate 
calculation would give. 

/. A few of the figures delineated by Chladni are irregular 
resultants formed by the superpositions of dissimilar modes of 
vibration. These irregular resultants can, however, be formed from 
the superposition of dissimilar modes of vibration, which give tbt 
same sound, and have a maximum point of vibration in common^ at 
which they can be simultaneously excited. 

g. Some of Mr. Wheatstone's figures were not among Chladni's ; 
because the near approach of the inclined lines of their primary 
component figures to parallelism occasions great difficulty in obtain- 
ing these figures by experiment. 
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VibratioDs of Circular, Triangular, Elliptic, &c. Plates. 

A. A few of Chladni's figures exceeded the limits of Mr. Wheat- 
stone's calculatioDS. 

L Lastly, some of Chladni's resultants arose from the super- 
positions of similar modes of vibration of unequal intensity. These 
are experimentally obtained by varying in a slight degree the 
places at which the plate is held or touched, from those necessary 
to determine the corresponding resultant of vibrations equal in in- 
tensity ; the place at which the bow is applied remaining the same 
in both cases. 



135. The vibrations of homogeneous plates of other 
forms can also be analyzed and classed, as well as those 
of square plates ; and all the figures will be found to 
be resultants of very simple modes of vibration, oscil- 
lating isochronously, and superposed upon each other ; 
the resultant varying with the component modes of 
vibration, the number of superpositions, and the angles 
at which they are superposed. 

The vibrations of circular, triangular, hexagonal, elliptic, and 
semi-circular plates have been investigated experimentally by 
Chladni, and figs. 47-93 exhibit some out of a great variety 
of nodal figures, to which they give rise in their various modes of 
vibration. 

136. The series of figures, presented by a plate 
of any homogeneous material, diflfer from those 
obtained on a plate of a substance, such as wood, 
in which the elasticity is not the same in all direc- 
tions. 

Savart has made a series of numerous and accurate experiments 
on the changes which take place in the sound, and also in the 
form and position of the figure of the first mode of vibration on 
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Vibrations of Plates of Wood^ 

circular plates of wood of similar dimensions, cut in different 
directions with respect to the three principal axes of elasticity. 
He has extended his investigations to circular slices of crystals, cut 
in various directions with respect to their axes, and has obtained in 
this way much valuable information respecting the structure of 
bodies, particularly with regard to the laws of their elasticity in 
different directions. 



PART III. 



THE COMMUNICATION OF VIBRATIONS AND THE 

VIBRATIONS OF SYSTEMS. 



CHAPTER I. 



THE VIBRATIONS OF SYSTEMS. 



137. Vibrations confined to one plane, and whose 
period of recurrence, as well as the plane in which they 
are performed, and the amplitude of their excursions 
may be varied at pleasure, can be communicated to any 
given point of a solid by means of a stretched string, 
set in motion by a fiddle-bow. 

a. The vibrations of the string are necessarily confined to the 
plane in which the motion of the bow is performed, because any 
vibratory motion out of this plane is prevented, or immediately 
stifled by the pressure of the bow ; and the plane of its motion 
may be varied at pleasure, and the amplitude of excursion may be 
increased or diminished, by a change of pressure and velocity of 
stroke. 

Accordingly, if the vibrating part of such a string be brought to 
press on a solid not too massive, or if the end of the string be 
attached to a point in the solid, M. Savart has found that the regu- 
larly repeated impulses of the string are transferred to the solid 
with perfect fidelity. 

b. A familiar example of this communication of impulses is 
found in the violin. In that instrument, (fig. 94,) the strings 
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Communication of the Vibrations of a Violin-String to the Wood. 

which are stretched from end to end of it are divided into unequal 
parts by the bridge, A, on which they all press strongly, and at 
the same time rest in small notches, so as not to slip laterally on it. 
The portion, B, of the string which lies towards the handle, C, of 
the instrument, is free, and is set in vibration by the bow in its 
own plane ; but that on the other side of the bridge, D, is loaded 
with a mass of horn or whalebone, JE, to which, all the other 
strings are also attached, and which, being only tied to the wood- 
work, cannot propagate the vibrations of any one string sounding 
separately, by reason of the contradictory and unequal tensions of 
the other three. Thus the bridge is in fact acted on only by the 
vibrations of that part, ABCy of the string which is grossed by the 
bow, as if it terminated abruptly at its point of pressure, A. 

These vibrations constantly tend, therefore, to tilt the bridge 
laterally backwards and forwards, and to press up and down alter- 
nately the two little prominences or feet, F, G, by which it rests 
on the belly of the violin.^ It, therefore, sets the wood of the 
upper face in a state of regular vibration, and this again is commu- 
nicated to the back through its sides, a peg set up in the inside of 
the fiddle and through, called the soul of the fiddle, or its sounding- 
post. 

In consequence, if sand be strewed over the upper surface, it 
will assume a regular arrangement in nodal lines when the bow is 
drawn ; and the same subdivision is also observed in the wood of 
the under surface, if the sounding post be exactly placed in the 
centre of symmetry of the nodal figures. 

c The experiment can hardly be made, however, with a com- 
mon fiddle, by reason of the convexity of its surface, on which 
sand will not rest ; but if one be constructed with plane boards, 
or if, abandoning the fiddle, a string be stretched on a stmng frame 
over a bridge, which is made to rest on the centre of a regularly 
formed plate or disc of metal or wood, strewed with sand, the sur- 
face thus set in vibration by the string will be seen to divide itself 
by regular nodal figures. 
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Joint Vibrations of a Plate and String as a System. Sounding-Boards. 

138. If the tension or length of the string, thus 
placed in vibratory communication with a plate, be 
changed, so as to vary the note it speaks, the nodal 
figures on the plate undergo a corresponding variation, 
and the plate still vibrates in unison with the string ; 
or, which ijs the same thing, the two, together with 
the interposed bridge, form a vibrating system, in 
which, though the vibrations of the, several parts are 
necessarily very different in their nature and extent, 
yet they have all the same periods. 

This important fact, deduced by Savart from his experiments, 
confirms the results of Chladni's experiments on the sounds of such 
thin plates, and shows that they are not, like those of strings, con- 
fined to certain fixed harmonics, but, according to the forms of their 
nodal lines, and the proportions of the vibrating areas in opposite 
states of excursion, may assume any assigned period ; in other 
words, given the vibrating plate and the pitch, a nodal figure may 
be described on it, which shall correspond to that pitch, and the 
plate (with more or less readiness, however,) is always susceptible 
of such a vibration as shall yield that note and produce that nodal 
figure. How far this proposition is general, and with what limita- 
tions it is to be understood, we shall soon see. 

139. Meanwhile this remark, it will be observed, 
furnishes a complete explanation of the eflFect of sound- 
ing-boards in musical instruments. 

It is not, as some have supposed, that there exist in them fibres 
in every state of tension, some of which are therefore ready to 
vibrate in unison with any proposed sound, and, therefore, reinforce 
it. Such a cause could at best produce but a very feeble effect. 

It is the whole board which vibrates as part of a system with 
every note, and (as vibrations may be superposed to any extent) 
the same sounding-board may at once form a part of any number 
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Communication of the Longitudinal Vibrations of Rods to Solids. 



of systems, and vibrate in unison with every note of a chord. 
Still some modes will always be more difficult than others, and no 
sounding-board will be perfectly indifferent to all sounds. 

140. The longitudinal vibrations of a rod of glass, 
excited by rubbing it with a wet cloth, may also be 
used to excite vibrations in a given point of a solid 
perpendicular to its surface, by applying its end to it, 
or cementing it to the solid by mastic. 

In this way Chladni applied it to draw forth the sounds of glass 
vessels, (which, when hemispherical, of sufficient size, and of even 
thickness, are remarkably rich and melodious,) in an instrument 
which he called the Euphone, exhibited by him in Paris and Brus- 
sels. The principle of this instrument was at the time concealed ; 
but the enigma was subsequently solved by M . Blanc, who on his 
part independently made the same remark, and applied it to ^ 
similar purpose. 

141. If the solid, (a circular glass disc for instance,) 
to which such a vibrating rod or tube is fastened, be 
of small comparative dimensions, its vibrations are 
commanded by those of the rod, and the sound yielded 
will be that of the rod alone ; and vice versd, if the 
disc be large, and the rod small, the note sounded will 
be that of the disc, which will entirely command the 
rod; but in the intermediate cases, the note will be 
neither that of the disc nor the rod separately, but the 
two will vibrate together as a system, each yielding 
somewhat to the other. 

a. This is a case exactly analogous to that of a reed-pipe, in 
which the reed and column of air imjtually influence each other's 
note. See art. 88. 

18 
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Vibrations Communicated between two Piates by a Rod. 

This mutual influence of propagated motion, by which two 
periodically recurring impulses afiect each other's period, and force 
themselves into synchronism^ extends to cases where at first sight it 
would be hardly suspected. 

b. Thus Ellicott observed that two clocks fastened to the same 
board, or even standing on the same stone pavement, beat con- 
stantly together, though when separated their ratios were found 
to difier very considerably ; and Breguet has since made the same 
remark on watches. 

c. Thus also two organ-pipes vibrating side by side, if very 
nearly in unison, will under certain circumstances force themselves 
into exact concord, as has been observed by Hudlestone, and 
lately recalled to notice by some experiments made in Copenhagen. 

a. The experiment with the disked tuning-fork and pipe, ^re- 
lated in art. 93, may here again be referred to. 

142. The longitudinal vibrations of a rod have also 
been used by M. Sa\art, to communicate vibrations 
from one solid to another ; as, for instance, from the 
upper to the under of two circular discs, cemented at 
their centres to the two ends of the rod, at right angles 
to their planes, as at fig. 95. 

143. If the two discs be of the same dimensions 
and materials, so as to yield, when separately vibrat- 
ing, the same note ; the vibrations of one of them, 
(the upper for instance,) excited by a bow, will be 
exactly imitated by the other ; and sand strewed over 
both will arrange itself in precisely the same forms in 
both discs, and that, into whatever number of vibrat- 
ing segments that immediately excited be made to sub- 
divide itself. 
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State of Vibration of the connecting Rod. 

But if the discs separately do not agree in their 
tones, the system may yield a tone intermediate, and 
each being difFerently forced from its natural pitch, the 
nodal figures on them v^ill no longer correspond. 

a. The state of vibration, into which the molecules of the con- 
necting rod are thrown in such cases, deserves a nearer examina- 
tion. 

For simplicity, let us suppose the disc$ equal, the rod cylindri- 
cal, and the vibration of the system such, that each disc shall sub- 
divide itself into four quadrantae segments. In this case it is clear 
that, as the form assumed at any instant by the upper disc is undu- 
lated or wrinkled, as represented in fig. 96, the section of the rod 
in immediate contact with it, and which obeys all its motions, 
must assume a similar form, and so of all the rest. Thus, if we 
conceive the rod split into infinitesimal columns, parallel to its axis, 
all the columns in two opposite quadrants will be ascending, while 
those in the other two are descending ; and thus the two corre- 
sponding opposite quadrants of the lower plate will be drawn up- 
wards, while the alternate ones are forced downwards, giving a 
similar distortion to its figure, and disposing it to a similar vibration 
only. 

I. It will depend on the length of the rod, and the time taken 
by an undulation to run over its length, compared with that of a 
vibration of either disc, whether the phases of vibration in the two 
discs shall be the same at the same instant or not. It may happen 
that, for instance, the quadrant, DB^ of the upper disc shall have 
completed its downward motion, and begun to return, before the 
pulsation propagated through the rod has arrived at the lower disc ; 
and in that case the corresponding quadrants of the two discs will 
be always in opposite phases of their periodic motion. But the 
nodal lines will of necessity correspond in both. 

€, When the two discs are unequal, the propagation of the 
pulses through the rod must of course cease to be uniform, and 
each section of it down its whole length will have its own peculiar 
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law of form and motion, which it is beyond our power to investi- 
gate. In that case its molecules must have lateral as well vertical 
motions, and its vibrations must be partly longitudinal and partly 
twisting, in a way easier imagined than described. 

d. If the discs be dissimilar in form, as well as unequal in dimen- 
sion, the vibrations of the connecting rod will of course be very 
complicated. 

144. These principles haye been applied by M. 
Savart, and apparently with success, to the improve- 
ment of violins, and the construction of these delicate 
instruments on scientific and experimental grounds. 

145. In the vibrations of solids of any figure and 
dimension, and also in those of masses of air or any 
other elastic fluid, there will, generally, be nodal sur^ 

faceSf all the points of which are at rest. 

Where the surfaces out-crop or intersect the external 
surface of the, mass, there will b^ a nodal line. 

a. It appears from what we have said, that the motions of the 
molecules of a rod, which commmunicates the vibrations of one 
disc to another, or, more generally, which vibrates longitudinally 
by any exciting cause, are not of necessity analogous to those of 
the air in a cylindrical pipe ; at least not to that siniple case of the 
latter vibrations, which we have heretofore considered in Chapter 
III., Part II. The several transverse sections of such a rod, in 
the act of vibration, do not necessarily merely advance and recede 
longitudinally, but may become curves of double curvature; in 
short, such a rod may be considered, as an assemblage of vibrating 
discs, ranged along a common axis, along which they may, it is 
true, be also carried backwards and forwards with a vibratory 
motion, while at the same time their flexure is changing from con- 
vex to concave, and vice versd. 
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Now it may happen that a point, or a line, (straight or curved,) in 
any one of such discs, may be advancing in the direction of the 
axis in consequence of the bodily motion of the whole disc, while, 
in virtue of its flexure in the act of changing its figure, it may be 
receding ; and this advance or recess may so balance each other, 
that the point or line shall be at rest. If this be true at one instant, 
it will be so at all instants ; because the vibrations have all one 
period, and follow the same law of increase and decrease in their 
phases. 

Thus we have a nodal point, or a nodal line ; and as each disc, 
by reason of the law of continuity, must have a similar one, the 
assemblage of such lines will mark out within the rod a nodal sur- 
faccy dividing it into separate solids, whose molecules on either side 
of such surface are in opposite phased of their motion. 

6. What is here said of rods, applies of course to solids of any 
figure and, dimension ; neither is there the slightest reason why it 
should not apply to vibrating masses of air, or any other elastic 
fluid. Any such mass may be conceived as cut up into two or 
more oppositely vibrating portions, pervading it according to certain 
laws. 

146. If fine sand is strewed over the surfaces of 
solids, the motions of the particles in the act of mark- 
ing out the nodal lines will easily distinguish such 
vibrations, as are executed parallel to the surface, 
which are called tangential vibrations, and in which, of 
course, the surface is not thrown into waves, from 
such as are at right angles to it, which are called 
transverse vibrations, when the surface itself leaps 
up and down. Vibrations, compounded of both these, 
where the surface both swells and falls, and shifts 
laterally backwards and forwards, are called oblique 
vibrations. 
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a. In transverse vibrations, the particles of sand dance, and are 
violently thrown up and down over the whole extent of the vibrat- 
ing portions, till, at length, they are entirely dispersed from them. 

When a large disc of glass is set vibrating vigorously by a bow, 
perpendicular to its plane, the grains of sand will fly up some inches 
from it and be scattered in all directions. 

b. In tangential vibrations, they only glide along close to the 
surface, and meet and settle on the nodal lines, and that, some- 
times, with incredible swiftness. The reason why they retreat to 
the nodal lines is easily understood. The amplitude of the excur- 
sions of the vibrating molecules of the surface diminishes as we 
approach a nodal line. Hence a particle of sand anywhere situ- 
ated, if thrown by an advancing vibration towards this line, will not 
be thrown quite so far back by the subsequent retreating vibration, 
because its then situation is one less agitated. Thus the motion of 
each particle of sand is one of alternate advances towards the node 
and recesses from it, but the advances are always greater than the 
recesses. In consequence, it ireeps along the surface, and will not 
rest till it has attained the node. 

147. The tangential vibrations of long flat rods or 
rulers of glass, as investigated by Savart, are extremely 
complicated, and offer most singular phenomena, some 
of which we shall now describe. 

a. If we take a rectangular lamina of glass 27*56 inches long, 
0-59 inches broad, and 0*06 inches thick, and holding it by the edges 
in the middle between the finger and thumb, with its flat face hori- 
zontal, strewed with sand, and, at the same time set it in longitu- 
dinal vibration, either by rubbing its under side near either end 
with a bit of wet cloth, by tapping it on the end with light blows, 
or by rubbing lengthwise a very small cylinder of glass, cemented 
on to its end in the middle of its breadth, and parallel to its length ; 
in whatever way the vibration be communicated, we shall see the 
sand on its upper surface arrange itself in parallel lines, at right 
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angles to its longer dimension, and always, in one or the other of 
the two systems, represented in figs. 97 and 98. 

Now it is very remarkable that, although ^he same one of these 
two systems will always be produced by the same plate of glass, 
yet among different plates of the above dimensions, even though 
cut from the same sheet, side by side, one will invariably exhibit 
one system, and the other the other, without any visible reason for 
the difference. 

Moreover, in the system, fig. 97, the disposition of the nodal 
lines is unsymmetrical, one of them, a, being nearer to one end, 
and the closer pair, /, /', not being situated in the middle ; and 
this too is peculiar to the plate ; for wherever it be rubbed, which- 
ever end be struck, still the line a will always be formed nearest 
to the same extremity. 

b. Now lei the positions of the nodal lines be marked on the 
upper surface, and then let the plate be turned till the lower sur- 
face becomes the upper, and this being sanded, let the vibrations 
again be excited just as before. The nodal lines will now be 
formed quite differently, and will fall on the points just intermediate 
between those of the other surface ; i. e. on the points of greatest 
excursion of its vibrating molecules. In a word if n, n, n, n, he. 
in fig. 99 or 100, represent the places of the nodes on the one 
surface, then will n^, n', &;c. be those of the other. 

Thus, all the motions of one half the thickness of the lamina 
are exactly contrary to those of the corresponding points of the 
other half This property, indeed, is general, whatever be the 
material, length, breadth, or thickness of the lamina. 

c. If, the other dimensions remaining, the thickness be increased, 
the sound will remain the same, but the number of nodal lines mil 
be less. This fact alone is sufficient to prove an essential difference 
between the vibrating portions of such a plate, and the ventral 
segments of an organ-pipe harmonically subdivided. 

d. If the breadth of a plate of the above length be greater than 
0*6 inches, the nodal lines cease to be straight, and ranged actoss 
the plate at right angles to the sides» They pass into curves, and 
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when the breadth is increased to 1*57 inches, they assume the 
forms in figs. 101 and 102, the former representing the lines on the 
upper, the latter those on the under surface. 

e. If the breadth be enlarged to 2' 36 inches, the figures on the 
two faces will be as in figs. 103, 104. 

/. If the dimensions be so varied as to convert the plate into a 
square, the nodal figures will assume the forms in figs. 105 and 106. 

g. If the form of the plate pass into circular or triangular, the 
same mode of vibration (longitudinal-tangential) being preserved, 
still the opposite sides of the plate will present different nodal fig- 
ures, as in 107, 108 and 109, 110. 

148. In the longitudinal-tangential vibrations of 
cylindrical tubes or rods, there are two nodal lines 
which run spirally round the cylinder in opposite 
directions. 

a. To examine the vibrations of cylinders, as sand will not lie 
on their convex surfaces, M. Savart employed the ingenious artifice 
used by Sauveur to exhibit the harmonic nodes of a vibrating 
string. For this purpose, the latter set astride on the string a small 
bit of paper cut into the form of an inverted V. But In this case 
it is found to answer better to encircle the vibrating cylinder with a 
narrow ring of paper, whose internal diameter is three or four times 
that of the cylinder, and which therefore hangs quite loosely on it. 

6. If a cylinder of glass about 6^ feet long be encircled by 
several such rings or riders, and, being held horizontally by the 
middle, as lightly as possible, be rubbed in the direction of its 
length with a very wet cloth, it will yield a musical sound, and all 
the riders will glide rapidly along it to their nearest nodal points on 
the upper surface where they will rest. Now let all these points 
be marked, and then lee the cylinder be turned ao as to bring the 
opposite portion of its circutnference uppermost and horizontal, and 
let the vibratioa be agaio>axcited in ihe saoie. maimer. Then we 
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shall remark the very same phenomenon as in rectangular plates^ 
viz. that the nodal points on this edge correspond nearly to the 
middles of the intervals between those of the opposite one. 

c. If the cylinder, instead of being turned at. once half round, 
be turned only a little at a time, and always in the same direction, 
the riders will come to the points of rest constantly more and more 
towards one or the other end of the cylinder, according as it is 
turned to the right or the left ; and if the locus of all the nodal 
points be traced by this means, it' will be found to be a species of 
spiral line or screw, making one or more turns round the cylinder 
according to Its length. 

d. Bat there exists here a peculiarity, bearing an obvious relatkm 
to what we have observed already in the case of rectangular plates. 
The continuity of this spiral is interrupted near the middle 6f the 
cylinder, or rather it stops short at a point n, on one side of the 
central point, and recommences at iV, a point equidistant on the 
other side \ hut in a contrary directioriy 80 as to form on the two 
moieties of the length of the cylinder a right and a left-handed 
Screw. 

e. Again, these spirals are not equally inclined to the astis in 
all parts of their course. They consist of portions alternately 
much and little inclined, having points of maximum and minimum 
inclination alternately at every 90^ of their course round the cylin- 
der, as in fig. Ill ; thus dividing the cylinder into four quadrantal 
portions, which are related to each other in the sartte manner as the 
upper and under faces, and the right and left sides of the vibrating 
parallelepipeds examined in art. 147. 

149. In the case of a hollow tube, the nodal lines 
of the internal surface consist of spirals, in all respects 
similar to those on the external surface ; only that 
their coils run exactly along the intervals of those of 
the external one. So that in all cases, those points of 
the internal surface are most strongly agitated by the 

19 
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vibrations which correspond to points at rest on the 
outer, and vice versd. 

a. The nodal lines of the internal surface ay be examined by 
strewing in it a little fine sand, provided its diameter be so large as 
not to drive all the sand into a crowded line along the bottom. 

i. M. Savart has noticed a very curious phenomenon in this 
case. At the points of maximum inclination, the sand gathers 
itself up in a circular heap, and remains at perfect rest ; but at 
those of minimum inclination, it forms a long ellipse, the borders of 
which keep constantly circulating in one direction ; and if, instead 
of sand, a small globe of ivory or wax be put into the tube, it re- 
mains at these points, it is true, without shifting its place, but spins 
constantly in one direction round a vertical axis^ so long as the 
vibration continues. 

150. We have all along supposed that the state of 
vibration, into which the cylinder or tube is thrown, is 
that corresponding to the gravest tone it can yield by 
vibrations of the kind in question. M. Savart has ex- 
amined its higher modes, and has pointed out other 
peculiarities. We will merely remark that, in these 
modes, the threads of the screw break oflF, and reverse 
their directions at the points of union of the several 
ventral segments. 
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CHAPTER II. 

THE COMMUNICATION OF VIBRATIONS FROM ONE VIBRATING BODY 

TO ANOTHER. 

151. We have already seen that a rod placed be- 
tw^een tw^o discs, one of which is set in vibration, 
becomes the means of communicating its vibrations to 
the other. 

But it may be announced as a general proposition, 
that w^henever a vibrating body is brought into intimate 
contact with another, it communicates to it its own 
vibrations, more or less effectually as their union is 
more perfect, and all the parts of the body thus set in 
vibration by communication are agitated by motions, 
not merely similar in their periods, but actually paral- 
lel in their directions to those of the original source 
of the motion^ 

This similarity of the communicated to the original vibrations 
was proved by the experiments of M. Savart, and is best illustrated 
by examples. 

Example 1. Let Ay fig. 112, be a long flat glass ruler, or rod, 
cemented with mastic' to the edge of a large bell-glass, such as is 
used for the harmonica^ or musical glasses, or a large hemispherical 
drinking-glass, perpendicular to its circumference. Let it be very 
lightly supported in a horizontal position on a bit of cork at C, and 
then let the bell-glass be set in vibration by a bow, at a point 
opposite the place where the rod meets it. It will vibrate transr 
versely, i. e. the motions of its molecules will be perpendicular to 
its surface ; and these motions will be communicated to the rod^ 



( 
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without any change in their direction, whose vibrations will be 
longitudinal-tangential, as will be rendered evident by strewing its 
surface with sand, when the nodal lines will be formed as in art. 
147 ; and, if the apparatus be inverted, and the sand strewed on 
the under side of the rod, the nodal lines will be seen to correspond 
to the points of greatest excursion on the other side, as in that 
article. 

In this combination the original tone of the bell-glass is altered, 
and the note produced differs both from that yielded by it, or by 
the glass rod vibrating alone. The two vibrate as a system together ; 
and, what is singular, the sound of the glass is considerably rein* 
forced by the combination. 

Example 2. Let .^^, fig. 113, be a rectangular strip of glass, 
firmly cemented at right angles to another strip. A, across its 
\ breadth. Let the latter be lightly supported on two bits of cork, 
*i7, C% fastened to a wooden piece, B, so as just to touch A ia 
the places of two of its nodes when vibrating transversely. Tbea 
if A be placed horizontally, and strewed with sand, and A' be set 
in longitudinal-tangential vibration, either by rubbing with a wet 
cloth, or by any other means, A will vibrate transversely, as will 
be known by the dancing of the sand, and its settling on the 
nodes, C, O. 

On the other hand, if A be held vertically, and agitated trans* 
versely by a bow, while A* is horizontal and strewed with sand, the 
latter will indicate longitudinal-tangential vibrations, both by the 
creeping of the sand, and by the difference of the nodal figures on 
its two faces. 

Example 3. Let M^ fig. 114, be a rectangular plate, mounted 
like A in the last example, but instead of carrying a simple plate 
Ai let it carry a system of circular discs traversed by a lamina, as 
in the figure. Then, if the faces of these discs and of the lamina, 
iH, be horizontally placed and strewed with sand, and the lamina, 
My be set in longitudinal-tangential vibration, all the discs will be 
so too, and the sand will arrange itself in figures which, on every 
alternate disc, 1, 3, 5, &;c. will be of one species, (such as at a 
for instance,) but on every other, 3, 4, 6, &:c. will be of a different 
species, as h. 
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Now if the whole apparatus be inverted, so as to place the 
lamina, M, uppermost, and let the system of discs hang down, the 
then upper surfaces of the discs will exhibit the same system of 
nodal figures, but in the reverse order ; i. e. the discs 1, 3, 5, &c. 
will give the figure 6, and 2, 4, 6, Stc. the figure a. 

In this apparatus, if the connecting piece which traverses all the 
discs be examined, it will be found to vibrate transversely, while 
the discs and lamina, Mj vibrate tangentially, and vice versa. 

Example ^. Let Ay fig. 115, be a strong frame of wood of the 
form [, across the extreme edges of which is stretched a strong 
catgut, or other cord, and let LL^ be a circular disc of glass, or 
metal, retained between the chord and back of the frame by the 
pressure of the fo/mer. Then, if the chord be set in vibration by 
a bow drawn transversely across it in one steady direction, the 
vibrations of the chord will all lie in the plane of the bow, and 
will be communicated in the same direction to the disc, which will 
execute tangential vibrations, all its molecules moving to and fro 
in lines parallel to the bow through the whole extent of the disc. 
This is easily verified by the direction in which sand strewed on it 
creeps. 

Conceive the whole apparatus placed with the chord vertical, 
and projected on the plane of the horizon. If, as in fig. 115, a, 
FF^ be the projection of the bow, the surface of the disc will be 
marked with nodal lines parallel to it, the sand there being left,, 
while that in the intermediate spaces creeps along to the edges, as 
marked by the arrows, and runs off. 

If the projection of the bow, FF^, be oblique to the line joining 
the points of support of the disc, as in fig. 115, b, the nodal line 
will be curved, as there shown, but the motion of the molecules of 
the sand goings to form it will still be parallel to FF, 

Finally, if the bow be drawn parallel to the line joining the 
points of support, as in fig. 115, c, the nodal line will be formed of 
two arcs making a cusp, but the same law of molecular motion will 
still hold good, as the arrows indicate. 

Example 5. Let ii', fig. 116, be. a rectangular lamina fas- 
tened at one end into a block, T, and at the other attached to a 
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cord, c e, stretched parallel to its length over a bridge, 6, and put 
in vibration by a bow perpendicular to it, FF^. 

Then, if the plane of the bow and string coincide with the plane 
of the surface of the lamina, as in fig. 117, a, the latter will execute 
tangential vibrations across its breadth, and will exhibit on its upper 
surface a single nodal line, n n' n", as in fig. 117, but on its under 
none, all the sand being driven off. 

Now incline the bow to the surface of the lamina, as represented 
in fig. 118, a, at an angle of about 20^, still keeping it perpendic- 
ular to the string, and the nodal line will assume the curvature rep- 
resented in fig. 118. 

If the bow be still more inclined, the curve breaks up, and at 
45° of inclination, as in fig. 119, «, becomes changed into trans- 
verse and oblique lines, as in fig. 119; and it is now observed that 
the sand not only runs in the direction of the arrows, but also 
begins to leap, indicating an oblique vibration of the surface. 

Lastly, when the bow is inclined 90° to the plane of the lamina, 
as in fig. 120, a, the vibration becomes altogether transverse, the 
nodal lines are similarly disposed on both sides of the plate, as in 
fig. 120, and the sand merely leaps up and down, till it is danced 
bflf the vibrating parts, without any tendency to creep. 

152. The preceding proposition can also be ex- 
tended to the vibrations of the air ; and the motions 
of the aerial molecules in every part of a spherical 
wave, propagated from a vibrating body as a centre, 
instead of diverging like radii in all directions; so as to 
be always perpendicular to the surface of the wave, 
are all parallel to each other ; in a word, they are 
disposed, not as in fig. 8, but as in fig. 7, agreeing 
with the remarks of art. 45. 

And the same thing holds good, not only in air, but 
in liquids, as the experiments hereafter to be related 
satisfactorily demonstrate. 
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a. If a very thin membrane be stretched horizontally over the 
orifice of a circular bowl, as a drinking-cup, o)t harmonica-glass y 
(extremely thin paper wetted and glued to the edges, and then 
suffered to become light by drying, answers very well,) and if fino 
sand be strewed on it, it becomes a most delicate detector of aerial 
vibrations. 

b. Suppose now a circular disc of glass, held concentrically over 
it, with its plane parallel to that of the membrane, and set in trans- 
verse vibration, so as to form any of Chladni's acoustic figures, as 
for instance fig. 59. Then will this figure be imitated exactly by 
the sand on the membrane. 

Now let the vibrating disc be shifted laterally, so as no longer to 
have its centre vertically over that of the membrane, but keeping 
its plane, as well as that of the membrane, horizontal. Still the 
figures marked out on the latter will be fac-similes of those on the 
disc, and that, whatever be the extent of lateral removal, till the 
vibrations become too much enfeebled by distance to have any 
effect at all. 

c. But, in place of shifting the disc laterally, let its plane be 
inclined to the horizon. Immediately the figures on the membrane 
will change, though the vibrations of the disc remain unaltered, and 
the change will be the greater, the greater be the inclination of the 
plane of the disc to that of the membrane. And when the former 
plane is perpendicular to the horizon, the nodal figure on the mem- 
brane is found to be transformed into a system of straight lines, 
parallel to the common intersection of the two planes ; and the 
particles of sand, instead of dancing, creep in opposite direction^ 
to meet in these lines. One of these always passes through the 

' centre, and the whole system is analogous to what would be pro- 
duced by attaching a cord to the centre of a disc, and, having 
stretched it very obliquely, setting it in vibration by a bow drawn 
parallel to the surface. In a word, the vibrations of the membrane 
are now tangential, and they preserve this character unchanged, 
however the disc be now shifted laterally, provided its plane be not 
turned from the vertical position. 
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If the disc be made to revolve about its vertical diameter, the 
nodal lines on the membrane will rotate, following exactly the 
motion of the disc. 

153. The vibrations, communicated to a stretched 
membrane by the air, vary with the pitch, quality, and 
direction of the original vibrations, and also with the 
tension of the membrane. 

a. If, cceteris immuiatis, the pitch of the sound, whose vibra- 
tions, communicated through the air to the membrane, excite its 
motions, be altered, the membrane will still vibrate, differing in 
this respect from a rigid lamina, which will only vibrate by sym- 
pathy with sounds corresponding to its own subdivisions. The 
membrane, be it observed, will vibrate in sympathy with any sound, 
bat every particular sound will mark out on it its own particular 
nodal figure, and as the pitch varies the figure varies. Thus if a 
slow air be played on a flute near it, each note will call up a par- 
ticular form, which the next will efface, to establish its own. 

b. Suppose the exciting cause be the vibration of a disc, or 
lamina of any form. If its mode of vibration be varied, so as to 
change its nodal figures, those on the membrane will vary ; and if 
the same note be produced by different subdivfsions of different 
»zed discs, the nodal figures on the membrane vrill be different. 

c. The effect of a change in the direction of the primitive 
vibrations is clearly shown by the change of inclination of the disc 
in the experiment of the preceding article. 

d. If the tension of the membrane be varied ever so little, most 
material changes will take place in the figures it exhibits. If paper 
be the substance employed, mere hygrometric changes affect it to 
.such a degree, that, if moistened by breathing on it, and allowed to 
dry while the exciting sound is continued, the nodal forms will be 
in a constant state of fluctuation, and will not acquire permanence, 
till the paper is so far dried as the state of the surrounding atmo- 
sphere wUl permit. 
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Indeed, this jQuctuation is so troublesome in experiments of this 
kind, that to avoid them it is necessary to coat the upper or ex- 
posed side of the paper with a thin film of varnish. Of all sub- 
stances, which can be employed for the exhibition of these beautiful 
experiments, M. Savart observes, by far the best is such a varnished 
paper stretched on a frame and moistened on the under side. The 
moisture diminishes the cohesion of the fibres, and renders them 
nearly independent of each other, and indifferent to a^l impulses. 
As a proof of this, he observes, that he has frequently obtained, 
on a circular membrane of paper so prepared, a nodal figure com- 
posed of no fewer than twenty concentric annuli, which is far 
beyond what can be obtained in any other way. 

154. A very important application of the properties 
of stretched membranes is, to employ such a one as 
an instrument for detecting the existence and exploring 
the extent and limits of contiguous and oppositely 
vibrating portions of masses of air. 

For, since such a membrane is thrown into vibration by all aerial 
vibrations of a certain force, the fact of the existence, or not, of a 
vibratory motion in any point of the air, of a chamber, for instance, 
or a box, or large organ-pipe, may be ascertained by observing 
whether sand strewed on it is set in motion, and arranged in regular 
forms, on holding the membrane at that point. 

Thus if an organ-pipe be made to sound with a constant ibrce, 
and the exploring membrane be so far removed from it, that the 
membrane shall just cease to be visibly agitated, the force of the 
sound being increased by a quantity not sensible to the ear, the 
sand will recommence its motion. 

Nay, if two such pipes placed close together, be mad6 to heaty 
the membrane will be seen to be agitated at the coincidences, ^nd 
at rest in the interferences of their vibrations. 

h. Were the membrane to be entirely destitute of tension^ its 
vibrati(»s would exactly coincide with those of the air. But, as 
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it has always some tension or thickness, this DKxiifies in a most com- 
plicated manner the effects of the direct aerial action. 

c. In order to explore the actual state of the air in difierent 
parts of a vibrating mass of determinate figure, as to motion or 
rest, the sound should be excited and maintained by a constant 
cause at a high degree of intensity, especially if the mass of the 
air be large, as in a chamber or gallery ; and to give the membrane 
the greatest possible sensibility, it ought to be stretched so as to be, 
naturally, in unison with the note sounded, so as to act as a receiver 
and condenser of the small aerial motions. 

d. The greatest purity and intensity of the sounds, to be em- 
ployed for this purpose, may be obtained by a harmonica glass, or 
the bell of a clock, maintained in vibration by a bow ; and this 
may be still further augmented by adapting to it a resonant cavity, 
as, for instance,, a large cylindrical vase of considerable diameter, 
closed at one end, and of such dimensions as separately to vibrate 
the same note. The tones thus produced, especially when large 
harmonica glasses are used, as M. Savart remarks, are of such 
intensity, that no ear can long support them, and at the same time, 
of such a rich and mellow quality, that all other musical sounds 
appear poor and harsh in comparison. 

c. In order yet more to increase the sensibility of the membrane, 
the frame. on which it is stretched should be fitted over the orifice 
of a similar resonant cavity. For convenience, and lest the tension 
of the membrane should vary by hygrometric changes, it is proper 
to have means of varying this at pleasure. 

155. When the vibrations of the air in a chamber 
are examined, there are found to be nodal lines, which, 
in the case of rectangular chambers or galleries, wind 
spirally round the walls as in rectangular rods, and 
will even extend into the open air through a window. 

These nodal lines are rendered evident to the ear 
by the diminution of sound ; and there is also a re- 
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markable difference in the apparent direction of the 
sound in different positions of the ear with respect to 
the nodes. 

a. Suppose that, being provided with the apparatus just described, 
v/e shut ourselves up in an apartment of regular figure, and free 
from furniture or projections from the walls, recesses, &c., and 
place one of our resonant cylinders with its axis horizontal, and 
the vibrating bell or glass opposite its orifice. In the direction of 
its axis place the membrane horizontally, with its proper frame and 
resonant cylinder below it, and strew the horizontal surface with 
sand. 

If now, first, we place the membrane thus armed very near the 
source of the sound, it will vibrate with great force. As we with- 
draw it, (keeping it still in the line of the axis of the first resonant 
cylinder,) its vibrations will diminish gradually, and at length cease ; 
after which, (still continuing to remove it along this line,) they will 
recommence and reach a maximum, at a point where their intensity 
is nearly equal to that close to the source of sound. Removing 
the membrane yet further, a new point of indifference is found, and 
so on till we reach the end of the chamber. 

b. If we walk along the same Ijne, keeping the ear in the plane 
of the horizontal axis of the resonant cylinder, we shall perceive 
the sounds to be much louder in the places where the vibrations of 
the membranes attain their maxima, than at the intermediate 
points where they are at their minima, and where the sounds would 
almost disappear, if it were not for the condensations and rarefac- 
tions of the air, which are there at their maxima. 

c. At these latter a very curious phenomenon has been observed 
by M. Savart. When the auditor moves his head away from such 
a point, towards the right, (always supposing it to remain in the 
line of the axis above mentioned,) the sound will appear to come 
from the right, and if towards the left, it will seem to come from 
the left, whether the original source of sound be to the one or 
other side. This singular effect shows that the aerial molecules, on 



.i 



156 SOUND. [p. III. CH. II. <^ 156. 

Spiral Form of the Nodal Lines in a Rectangular Chamber. 



either side of the point of indifference, are in opposite states of 
motion at any given instant. In niaking this experiment, the head 
sliould be so turned, that the dxis of the resonant cylinder prolonged 
shall pass through both ears. Suppose, for instance, the sounding 
apparatus to be to the observer's left, and that his head be very 
near it. The sound will appear to enter at his left ear. As he 
removes farther away, so as to pass one of the nodes, it will seem 
as if the sound had changed sides, and now came from the right. 
When another node is passed, it will appear to have again shifted 
to the left, and so on. 

d. But if we quit the axis of the cylinder, and carry an ex- 
ploring membrane, such as already described, about the apartment, 
noting all the points where it vibrates most forcibly, allowing our- 
selves, as it were, to be led from spot to spot by its indications, we 
shall trace out in the air of the room a curve of double curvature, 
marking the maxima of the excursions of the aerial molecules. 

If the experiment be made in a gallery, or passage, whose 
length is its principal dimension, this curve will be found to be 
a kind of spiral, creeping round the walls, floor, and ceiling, 
obliquely to the axis of the gallery, thus presenting a marked 
analogy to the disposition of the nodal lines in a long rod vibrating 
tangentially ; which are also, it should be remarked, imitated, with 
modifications more or less complicated, in square or rectapgular 
rods. 

c. A still more remarkable effect was observed by M . Savart, 
in thus exploring the vibrations of the air in an apartment with an 
open window. The spiral disposition of the vibrating portions was 
found to be continued out of the window into the open air, the 
lines of greatest intensity running out in great convolutions, which 
seemed to grow wider, on receding from the window, and could be 
traced to a great distance from it. 

156. The vibrations of a column of air contained 
in a pipe may also be examined by means of these 
membranes, and the positions of the nodes will be 
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found to be nearly as in art. 80, though they are some- 
what affected by the embouchure, as might, in some 
degree, have been anticipated from the remarks of 
art. 85. 

a. The vibrations of the air in an organ-pipe were explored by 
M. Savart, by lowering into the pipe, placed vertically with it^ 
upper end open, a thin membrane stretched on a light ring, and 
suspended by a fine silk thread, and strewed with sand. Thus 
ocular demonstration of the existence of its subdivision into dis- 
tinct ventral segments was obtained, the sand remaining undisturbed 
when the membrane occupied precisely the place of a node. 

J. By this means, too, the influence of the embouchure on the 
places of the nodes, a curious and delicate point in the theory of 
pipes may be subjected to exact examination. Thus, for instance, 
when the column of air in the pipe vibrates in the manner described 
in art. 79, (fig. 19,) having two half ventral segments, and one 
node in the middle, it is found that the node is only approximately 
so placed, being always, in fact, nearer to the embouchure than to 
the open end. 

157. It is well known that, if we sing near the aper- 
ture of a wide-mouthed vessel, some one note (which 
is in unison with the air in the vessel) will be rein- 
forced and augmented, and sometimes to a great de- 
gree. This is what is meant by the resonance of the 
mass of air contained in the cavity of the vessel, or as 
it may be termed, the resonance of the cavity. 

a. This has been known from the earliest times. The ancients 

are said to have placed large brass jars under the seats of their 

immense theatres to reinforce (one does not well see how) the 
voices of the actors. 

6. Any vessel or cavity may be made to resound by placing 
opposite its orifice a vibrating body, having a surface large enough 



158 SOUND. [p. 111. CH. II. <§> 158, 



Resonance of Cavities. 



to cover the aperture, or at least to set a considerable portion of the 
aerial stratum adjacent to it in regular oscillation, and, at the same 
time, pitched in unison with the note which the cavity would of 
itself yield. 

The experiment of the disked tuning-fork, in art. 93, is a case 
exactly in point. The pipe, which resounds in that experiment, 
may be pitched exactly in unison with it by its stopper, and in 
proportion as it departs from a perfect unison the resonance is 
feebler. 

A series of disked tuning-forks, or vibrating steel springs, thus 
placed over the orifices of pipes carefully tuned, constitutes a very 
pretty musical instrument, capable of a fine swell and fall, accord- 
ing as the discs are brought nearer to, or further from, the orifices 
of the pipes, or inclined to their axes, and of remarkable purity 
and sweetness of tone. 

A similar adaptation of resonant cavities to a series of harmonica 
glasses, fixed on a common revolving axis, has been recommended 
by M. Savart as the principle of a musical instrument, whose effect, 
should it be found to answer the expectations, which his description of 
the tones thus drawn forth is calculated to excite, would probably 
surpass that of all others yet invented. The cavities best adapted to 
this purpose are short cylinders of large diameters, with movable 
bottoms fitting by tight friction by which they may be tuned. 

158. Such cavities may be regarded as short organ- 
pipes. When the diameter of a pipe is greatly in- 
creased in proportion to its length, so that it becomes 
a box^ the law of the proportionality of the time of 
vibration to the length ceases to hold good, and the 
note yielded is flatter than that of a narrow pipe of 
equal length, and the more so the wider the pipe. 

a. Thus M. Savart found that a cylinder of 4J. inches in length, 
and 5 in diameter, resounded in unison with a narrow pipe 6 inches 
long; making 1024 vibrations per seconds 
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I. That sagacious experimenter has found, that cubical boxes 
speak with surprising promptitude and facility, and yield sounds 
extremely pure, and of a peculiar quality ; on which account, and 
by reason of the little height in which they may be packed, he 
recommends them for organ-pipes. A cube of 4j- inches in the side 
yields the same note as a pipe 10 or 11 inches long, and 2 or 2j- 
inches in diameter. 

They may be excited by an embouchure at one of their lower 
edges, precisely similar to that of an organ-pipe. But they will 
also speak if the embouchure be situated in the middle of the 
side. 

c. M. Savart has also examined the vibrations of a great variety 
of different shaped pipes, boxes, or cavities. 

159. There is yet another remarkable case of vibra- 
tions, communicated between the different members 
of a system, of which we have not yet spoken, though 
offering a good example of the verification of the gen- 
eral law of equality of period and parallelism of direc- 
tion of the vibratory motions of all the molecules of a 
system laid down in art. 151. It is when vibrations are 
communicated through a liquid. 

The following experiments of M. Savart will show the mode in 
which this is accomplished. 

a. He took a cylindrical tinned iron vessel whose bottom was 
placed parallel to the horizon, and having cemented to its centre a 
glass rod, so as to hang perpendicularly down from it, he covered 
the bottom to the depth of about an inch and a half with water, on 
which was floated a thin disc of varnished wood, covered on its 
upper face with sand. 

The apparatus thus prepared, he impressed on the glass rod a 
longitudino-tangential vibration, which of course became normal 
when communicated to the bottom of the vessel ; and he observed 
the sand on the upper face of the disc to be agitated with normal 
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motions, and to assume nodal figures according to the laws of that 
species of motion. 

To show more clearly the nature of the communication, be 
threw out the water, and supported the wooden disc by a small 
solid stem perpendicular to its surface, and the bottom of the ves- 
sel, and attached to the centres of both, when it was found that the 
disc was affected precisely in the same way as before. 

6. On a vessel of water, whose rim is maintained in a state of 
normal vibration by a bow drawn perpendicularly across it at any 
point, let a thin rectangular lamina of wood be floated, having its 
length parallel to the bow, and its extremity opposite to the point 
of the circuinference excited. The lamina will be seen (as usual 
by sand strewed on its upper face) to execute longitudino-tangential 
vibrations, and will be crossed by nodal lines at right angles to its 
length. 

But if, instead of directing the axis or longer edges of the 
lamina perpendicularly towards the vibrating point of the side of 
the vessel, we incline it obliquely to the direction of the vibrations, 
still the sand on its upper face will continue to glide in the same 
direction as before, that is, parallel to the vibrations of the side of 
the vessel, so that, jf the floating lamina be made to revolve slowly 
in a horizontal plane, the direction of the creeping motion of the 
sand on its surface will continuafly vary with respect to tha position 
of its edges, though constant with regard to the sides of the vessel. 

c. Not only are the vibrations thus faithfully transferred through 
the water to bodies floating on its surface, but even to such as are 
totally immersed in it. 

The experiment is easily made by suspending in such a vessel 
as above described under the water, and not in contact with the 
sides or bottom, a disc of glass, by means of fine silk threads, and 
strewing sand on the surface of the water which sinks and spreads 
evenly on the disc. This will be observed to be agitated with very 
decided normal, or tangential motions, according as the former or 
the latter of the modes of excitement used in the preceding experi- 
ments is employed ; and to arrange itself in uodal figures accord- 
ingly. 
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CHAPTER III. 

THE FORMS AND STATES ASSUMED BY FLUIDS IN CONTACT WITH 

VIBRATING SURJTAGES. 

160. When a surface is vibrating in the air, or any 
other fluid, the fluid immediately in contact vjrith the 
surface is formed into currents, v^rhich proceed from the 
nodal points to the points of greatest excursion. 

As any particular part of the surface moves upwards in the course 
of its vibration, it propels the fluid and coramunicates a certain 
degree of force to it, perpendicular, or nearly so, to the vibrating 
surface ; as it returns, in the course of its vibration, it recedes from 
the fluid so projected, and the latter consequently tends to return 
into the partial vacuum thus formed. But as, of two neighbouring 
portions of fluid, that over the part of the surface nearest to the 
point of greatest excursion has had more projectile force commu- 
nicated to it than the other, because the part of the surface urging 
it was moving with greater velocity, and through a greater space, 
so it is in a more unfavorable condition for its immediate return, 
and the other, i. e. the portion next to it towards the nodal line, 
presses into its place. 

This efiect is still further favored, because the portion of fluid, 
thus displaced, is urged from similar causes at the same moment into 
the place left vacant by the fluid still nearer the point of greatest 
excursion ; so that each time the surfsice recedes from the fluid, an 
advance of the fluid immediately above it is made from the quies- 
cent to the vibrating parts of the surface. 

161. The existence of these currents may be ren- 
dered evident by strewing the vibrating surface witli 
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some substance sufficiently light to be carried forward 
by the fluid tp the points of greatest excursion, in oppo- 
sition to the tendency which there otherwise is to the 
nodal lines, as in art. 127. 

a, M. Chladni first observed that shavings from the hair of the 
exciting violin bovtr did not proceed to the nodal lines, but were 
gathered together on those parts of the vibrating plate the most 
violently agitated. Thus, when a square plate of glass held hori- 
zontally was nipped above and below at the centre, and made to 
vibrate by the application of a violin bow to the middle of one 
edge, so as to produce the lowest possible sound, sand sprinkled 
on the plate assumed the form of a diagonal cro^s ; but the light 
shavings were gathered together at those parts towards the middle 
of the four portions, where the vibrations were most powerful and 
the excursions of the plate the greatest. 

Many other substances exhibited the same appearance. Lyco- 
podium, which was used as a light powder by Oersted, produced 
the effect very well ; and these motions must not be confounded 
with those described in art. 146, arising from tangential vibrations. 

These effects were also observed by M. Savart, and particularly 
investigated by him in circular, rectangular, triangular, and 
other plates ; and in rods, rings, and membranes. Figs. 121 - 136 
exhibit some of the arrangements of the powder which he ob- 
tained. 

J. M. Savart, however, attributed this disposition of the powder 
to a wrong cause, namely, to a secondary mode of vibration ; and 
Mr. Faraday was the first to propose the true explanation, and 
establish it beyond a doubt by a series of most ingenious experi- 
ments. 

c. The motions of the powder, as observed by Mr. Faraday, 
are as follows. Let the plate just mentioned, which may be three 
or four inches square, be nipped and held in a horizontal position 
^ a pair of . pincers of the proper form, and terminated, at the 
r|rpnMfft Jhftj fto»» hy two pieces of cork \ let lycopodium 
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powder be sprinkled over the plate, and a violin bow be drawn 
downwards against th^ middle of one edge, so as to produce a clear 
full tone. Immediately the powder on those four parts of the 
plate towards the four edges will be agitated, whilst that toward the 
two diagonal cross lines will remain nearly or quite at rest. 

On repeating the application of the bow several times, a little of 
the loose powder, especially that in small masses, will collect upon 
the diagonal lines,^ and thus show the position of the nodal lines. 

Most of the powder which remains upon the plate will, how- 
ever, be collected in four parcels ; one placed near to each edge 
of the plate, and evidently towards the place of greatest agitation. 
Whilst the plate is vibrating (and consequently sounding) strongly, 
these parcels will each form a rather diffuse cloud, moving rapidly 
within itself; but as the vibration diminishes, these clouds will first 
considerably contract in bulk, and then settle down into four groups, 
each consisting of one, two, or more hemispherical parcels, which 
are in an extraordinary condition ; for the powder of each parcel 
continues to rise up at the centre, and flow down on every side to 
the bottom, where it enters the mass to ascend at the centre again, 
until the plate has nearly ceased to vibrate. The form of these 
heaps, and the involved motion they acquire, are, however, no part 
of the phenomenon under consideration at present, but will be 
hereafter explained. 

If the plate be made to vibrate strongly, the heaps are immedi- 
ately broken up, being thrown into the air, and form clouds, which 
settle down as before ; but if the plate be made to vibrate in a 
smaller degree, by a more moderate application of the bow, the 
little hemispherical parcels are thrown into commotion without 
being sensibly separated from the plate, and often slowly travel 
towards the nodal lines. 

When one or more of them have thus receded from the place 
over which the clouds are always formed, and a powerful applica- 
tion of the bow is made sufficient to raise the clouds, it will be 
seen that these heaps rapidly diminish, the particles of which they 
are composed being swept away from them, and passing back in a 
current over the glass to the cloud under formation, which ultimately 
settles as before into the same four groups of heaps. 
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d. So powerful are the currents of air, that, when the vibrations 
are energetic, the plate may be inclined 5^, 6^, or 8^ to the horizon, 
and yet the gathering clouds retain their places. As the vibrations 
diminish in force, the little heaps formed from the clouds will de- 
scend the inclined plane ; but on strengthening the vibrations, the 
heaps will melt away, their particles will ascend the plane and pass 
again to the cloud. This will take place when the inclination of 
the plate is so great, that neither sand nor filings can rest on the 
nodal Uqos. 

e. A piece of gold-leaf being laid upon the plate, so that it 
does not overlap the edge, as in fig. 137, the current of air towards 
the points of greatest excursion is beautifully shown ; for, by its 
force, the air creeps in under the gold-leaf on all sides, and raises 
it up into the form of a blister ; that part of the gold-leaf corre- 
sponding to the centre of locality of the cloud, when light powder 
was used, being frequently a sixteenth or twelfth of an inch from 
the glass. 

Lycopodium, or other fine powder, sprinkled round the edge of 
the gold-leaf, is carried in by the entering air, and accumulated 
underneath. 

/. Whein fine powder is placed on the edge of another glass 
plate, or upon a book, or block of wood, and the edge of the 
vibrating plate brought as neariy as possible to the edge of the 
former, (fig. 138,) part of the powder is always driven on to the 
vibrating plate, and collected in the usual place ; showing that, in 
the midst of all the agitation of the air in the neighbourhood of the 
two edgesi, there is a current towards the point of greatest excur-r 
sion even from bodies not themselves vibrating. 

g. In the exhausted receiver of an air-pump the phenomena 
do not occur as in air ; for, as the force of the currents is excessively 
weakened, the light powders assume the part of heavier grains in 
the air. 

To observe this difierence in the phenomena, Mr. Faraday made 
use of a circular stretched membrane, so excited that the powder 
collected in air at the centre, as in fig. 121. Upon exhausting the 
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receiver until the barometric gauge was at twenty-eight inches,[;the 
powder, instead of collecting at the centre, passed across the mem- 
brane towards one side which was a little lower than the other. It 
passed by the middle just as it did over any other part ; and when 
the force of the vibration was much increased, although the powder 
was more agitated at the middle than elsewhere, it did not collect 
there, but went towards the edges or quiescent parts. 

Upon allowing the air to enter until the barometer stood at 
twenty-six inches, and repeating the experiments, the effect was 
nearly the same. When the vibrations were very strong, there 
were faint appearances of a cloud, consisting of the very finest par- 
ticles, collecting at the centre ; but no sensible accumulation of the 
powder took place. 

At twenty-four inches of the barometer the accumulation at the 
centre began to appear, and there was a sensible, though very 
slight, effect visible of the return of the powder from the edges. 

At twenty-two inches these effects were stronger ; and when the 
barometer was at twenty inches, the currents of air within the 
receiver had force enough to cause the collection of the principal 
part of the powder at the centre of vibration. 

Upon again restoring the exhaustion to twenty-eight inches, all 
the effects were reproduced as at first, and the powder again pro- 
ceeded to the lower m* quiescent parts of the membrane. 

A. In denser media than air, as in water, for instance, heavier 
powder, as sand and filings, performs the part of light powders 
in air, and is carried from the quiescent to the vibrating parts. 

162. The currents may be obstructed by pieces of 
card, and directed to points different from those of 
greatest excursion. 

0. If a piece of card, about an inch long and a quarter of an inch 
wide, is fixed by a little soft cement on the face of the square plate, 
used in the preceding article, near one edge, the plate held as before 
at the middle, fine powder strewed upon it, and the bow applied 
at the middle of another edge ; the powder immediately advances 
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close to the card, and the place of the cloud is much nearer the 
edge than before. Fig. 139 represents the arrangement ; the 
diagonal lines being those which sand would have formed, the line 
at the top, cr, representing the place of the card, and the X to the 
right, the place where the bow was applied ; b represents the place 
of the cloud when no card is present, and it does not proceed to 
the point of greatest excursion at the very edge of the plate, on 
account of the manner in which the air is there agitated. 

b. If pieces of card are fixed on the glass in the three angular 
forms represented in fig. 140, upon vibrating the plate the fine 
powder always goes into the angle, notwithstanding its difference 
of position in the three experiments, but perfectly in accordance 
with the idea of currents intercepted more or less by the card. 

c. When two pieces of card are fixed on the plate, as in fig. 
141, cr, the powder proceeds into the angle, but not to the edge of 
the glass, remaining about ^th of an inch from it ; but on closing 
up that opening, as at 6, the powder goes quite up into the comer. 
Upon fixing two pieces of card on the plate, as at c, the powder 
between them collects in the middle, very nearly as if no card had 
been present ; but that on the outside of the cards gathers close 
up against them, being able to proceed so far in its way to the 
middle, but no further. 

* 

d. When a long glass plate is supported by bridges or strings at 
the two nodal lines, represented in fig. 142, and made to vibrate, 
the powder collects in three divisions. That between the nodal 
lines does not proceed at once into a line equidistant from the nodal 
lines and parallel to them, but advances from the edges of the 
plate towards the middle by paths, which are a little curved and 
oblique to the edges where they occur near the nodal lines, but are 
almost perpendicular to it elsewhere ; and the powder gradually 
forms a line along the middle of the plate ; it is only by continuing 
the experiment for some time, that it gathers up into a heap or 
cloud equidistant from the nodal line. 
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But upon fixing card walls upon the plate, as in fig. 143, the 
course of the powder within the cards is directly parallel to them 
and to the edge, instead of being perpendicular, and also directly 
towards the point of greatest excursion. 

To prove that it is not as a weight that the card acts, but as an 
obstacle to the currents of air formed, it is bent flat down outwards, 
without being moved from its place, and then the powder resumes 
the courses it took when without the cards. 

The powder sprinkled over the extremities of the plate proceeds 
towards places equidistant from the sides and near the ends, as at a, 
fig. 144; but on cementing a piece of paper to the edge, so as 
to form a wall about one quarter or one third of an inch high, by 
the powder immediately moves up to it, and retains this new 
place. 

In a longer narrow plate, similarly arranged, the powder can be 
made to pass to either edge, or to the middle, according as paper 
interceptors to the currents of air are applied. 

163. The air, carried forward by the currents to 
the points of greatest excursion, rises from the vibrat- 
ing surface at these points, proceeds to a greater or 
less distance from the surface, and then returns to the 
nodal lines, forming currents in opposite directions to 
the first, a little above them, and blending more or 
less with them. 

a. Mr. Faraday endeavoured, in various ways, to make the ex- 
tent of this system of currents visible. In the experiment already 
referred to, where gold-leaf was placed over the point of greatest 
excursion, the upward current at the most powerful part was able to 
raise the leaf about one tenth of an inch from the plate. The 
clouds formed at the points of greatest excursion are always higher 
and larger, as the vibrations are stronger, and may frequently be 
seen rising up in the middle and flowing over towards the sides. 
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b. Id the receiver of an air-pump, if the powder collected at 
the middle of the circular stretched membrane is observed^ as to 
the height to which it is forced upwards by the vibrations ; and 
then the receiver being exhausted, if the height to which the 
powder is thrown by similar vibrations is again observed ; in the 
latter case it is nothing like so great as in the former, the height 
not being two-thirds, and barely one-half, the first height. Were 
the powder thrown up by mere propulsion, it should rise far higher 
in vacuo than in air ; but the reverse takes place, because that in 
air the current has force enough to carry the fine particles up to a 
height, far beyond what the mere blow which they receive from the 
vibrating membrane can effect. 

c. When the circular stretched membrane is made to vibrate, 
and a large glass tube, as a cylindrical lamp-glass is brought near 
to its centre ; the most striking proofs are obtained of the existence 
of carrying currents by the effects upon the light powder, which 
flies rapidly under the edge, and tends to collect towards the axis 
of the tube ; it may even be diverted somewhat from its course 
towards the point of greatest excursion. A piece of upright paper, 
held with its edge equally near, does not produce the same 
effect ; but immediately that it is rolled into a tube, it does. 

When the glass chimney is suspended yery carefully, and at but 
a small distance from the membrane, the powder often collects at 
the edge, and revolves there ; a complicated action between the 
currents and the space under the thickness of the glass taking 
place, but still tending to show the influence of the air in arrang- 
ing and disposing the powder. 

d. Let a sheet of drawing-paper be stretched tightly over a 
frame, so as to form a tense elastic surface nearly three feet by two 
in extent. Upon placing this in a horizontal position, throwing a 
spoonful of lycopodium upon it, and striking it smartly below with 
the fingers, the phenomena of collection at the point of greatest 
excursion, and of moving heaps, can be obtained upon a magnificent 
scale. When the lycopodium is uniformly spread over the surface, 
and any part of the paper slightly tapped by the hand, the 
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lycopodiura at any place chosen can be Jrawn together merely by 
holding the lamp-glass over it. It will be unnecessary to enter into 
the detail of the various actions combining to produce these effects; 
it is sufficiently evident, from the mode in which they may be varied, 
that they depend upon currents of air. 

e. A very interesting set of effects occur, when the circular 
stretched membrane is vibMted under plates ; the powder collects 
with much greater rapidity than without the plate ; and instead of 
forming the semi-globular moving heaps, it forms linear arrange- 
ments, all concentric to the centre of the membrane. 

When the vibrations are strong, these assume a revolving 
motion, rolling towards the centre at the lower part in contact 
with the membrane, and from it at the upper part nearest the glass ; 
thus illustrating in the clearest manner the double currents caged 
up between the glass and the membrane. 

f. Sometimes, when the plate is held down very close and tight, 
and the vibrations are few and large, the powder is all blown out at 
the edge ; for then the whole arrangement acts as a bellows ; and 
as the entering air travels with much less velocity than the expelled 
air, and as the forces of the currents are as the squares of the 
velocity, the issuing air carries the powder more forcibly than the 
air which passes in, and finally throws it out. 

164. When a surface, vibrating transversely , is cov- 

ered with a layer of liquid, that liquid, if of sulfficient 

tenacity, is determined from the quiescent to the 

vibrating parts, producing accumulation at the laitter 

places ; but this accumulation is limited, so that, if 

purposely rendered too great by gravity or other 

means, it will quickly be diminished by the vibrations, 

until the depth of fluid at any one part has a certain 

and constant relation to the velocity there, and to the 

depth elsewhere. 

22 
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Vibrating Surfaces Covered with a Layer of Liquid. 

a. Let a round plate, held horizontally by the middle, be cov- 
ered with oil over the upper surface, so as to be flooded, except 
at X , fig. 145, and the bow applied at X to produce strong vibra- 
tion. The oil is immediately accumulated at a, b, and c, forming 
fluid lenses there, rendered evident by their magnifying power, when 
print is looked at through them. The accumulations are also visi- 
ble on putting a sheet of white paper beneath, in consequence of 
the color of the oil being deeper at the accumulations than else- 
where ; and they are also rendered beautifully evident by making 
the experiment in sunshine, or by putting a candle beneath the 
plate, and placing a screen on the opposite side to receive the 
images formed at the focal distance. 

When the vibration of the plate ceases, the oil gradually flows 
back, until of uniform depth. On renewing the vibration, the 
accumulations are re-formed. 

b. To remove every doubt of the fluid passing from the quies- 
cent to the agitated parts, points of excursion may be used, nearly 
surrounded by nodal lines. A square plate, fig. 146, being held 
at c, and the bow applied at X, gives with sand nodal lines re- 
sembling those in the figure. Then clearing ofi" the sand, putting 
oil in its place, and producing the same mode of vibration as before, 
the oil accumulates at a and 6, forming two heaps or lenses as in 
the former experiment. 

c. If the round plate is again used, and the oil placed on its^ 
under surface, the oil will hang in drops upon it, which may be 
made to stand at the points a, b, and c. On applying the bow at 
X , and causing the plate to vibrate, the drops instantly disappear, 
the oil being gathered up arid expanding laterally over the plate. 
But this lateral difiusion is soon limited ; for lenses are formed at 
the points of greatest excursion, just as when the oil was upon the 
upper surface, and, as far as can be ascertained by general exami- 
nation, of the same form and power. On stopping the vibration, 
the oil gathers again into hanging drops ; and on renewing it, it is 
again disposed in the lens-like accumulations. 
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d. The reasoning of art. 160 may be applied to the present 
case, but the upper currents of art. 163 will, if the mobility of 
the liquid is very great, carry it so rapidly back to the nodal lines, 
that the accumulation cannot be observed ; and this effect is as- 
sisted by the tendency which the particles of the fluid, like those 
of sand, have to the nodal lines, and which the tenacity of the 
liquid may not be sufficient to overcome. 

e. Let a square plate be covered with water, and vibrated as in 
the former experiments ; all endeavours to ascertain whether acca- 
mulation occurs at the points of greatest excursion, either by direct 
observation, or the reflection from its surface of right-lined figures, 
or by looking through the parts, as through a lens, at small print 
and other objects, fail. 

As, however, when the plate is strongly vibrated, peculiar cris- 
pations form on the water at the points of greatest excursion, and 
prevent any possible decision as to accumulation, it is only when 
these iare absent, and the vibration weak, and the accumulation 
therefore small, that any satisfactory result can be expected ; but 
as even then no appearance is perceived, it seems that the force of 
gravity, combined with the mobility of the fluid, is suflicient to re- 
store the uniform condition of the layer of water, after the bow is 
withdrawn, and before the eye has time to observe the convexity 
expected. 

/. To remove in part the effect of gravity, or rather to make it 
coincide with, instead of oppose, the convexity, tlie under surface 
of the plate may be moistened instead of the upper, and by inclin- 
ing the plate a little, the water made to hang in drops at a or i or 
c, fig. 147, at pleasure.' On causing the plate to vibrate, the drops 
of water, like those of oil, are gathered up and diftused over the 
plate. 

On stopping the vibration, it again accumulates in hanging drops, 
which instantly disappear as before, on causing the plate to vibrate, 
the force of gravity being entirely overpowered by the superior 
forces excited by the vibrating plate. Still no visible evidence 
of convexity at the points of greatest excursion are obtained, 
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and the water appears rather to be urged from the vibrating parts 
than to them. 

165. The peculiar manner, in which the fine powder 
upon a vibrating surface is accumulated into little 
heaps, either hemispherical or merely rounded, and 
larger or smaller in size, has already been described, 
in art. 161 c, as well also as the singular motion which 
they possess, as long as the plate continues in vibra- 
tion. These heaps form on any part of the surface 
which is in a vibratory state, and not merely under the 
clouds produced at the centres of vibration, although 
the particles of the clouds always settle into similar 
heaps. 

They have a tendency, as heaps, to proceed to the 
nodal lines, but are often swept away by the currents 
of art. 160. When on a place of rest, they do not 
acquire the involving motion. 

When two or more are near together, or touch, 
they will frequently coalesce and form but one heap, 
which quickly acquires a rounded outline. When in 
their most perfect and final form, they are always 
round. 

a. The moving heaps formed by lycopodium on large stretched 
drawing-paper, are on so large a scale as to be very proper for 
critical examination. The phenomena can be exhibited also even 
by dry sand on such a membrane, the sand being in large quantity, 
and the vibrations slow. When the surface is thickly covered by 
sand from a sieve, and the paper tapped with the finger, the man- 
ner in which the sand draws up into moving heaps is very beau- 
tiful. 

5. When a single heap is examined, which is conveniently done 
by holding a vibrating tuning-fork in a horizontal positiou, and 



\ 
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dropping some lycopodium upon it, it will be seen that the parti- 
cles of the heap rise up at the centre, overflow, fall down upon all 
sides, and disappear at the bottom, apparently proceeding inwards ; 
and this evolving and involving motion continues until the vibra- 
tions have become very weak. 

c. If a square glass plate be vibrated as in former experiments, 
its surface having been covered with sand enough to hide the plate, 
and water enough to moisten and flow over the sand, the sand will 
draw together in heaps, and these will exhibit the peculiar and 
characteristic motion of the particles in a very striking manner. 

166. The aggregation and motion of these heaps, 
either in air or other fluids, is a very simple conse- 
quence of the mechanical impulse, communicated to 
them by the joint action of the vibrating surface and 
the surrounding medium. 

a. That the medium in which the experiment is made has an 
important influence, is shown by the circumstance of heavy parti- 
cles, such as filings, exhibiting all these peculiarities when they are 
placed upon surfaces vibrating in water ; the heaps being even 
higher at the centre than a heap of equal diameter formed of light 
powder in the air. In water, Uoo, they are formed indifferently 
upon any part of the plate or membrane which is in a vibratory 
state. They do not tend to the nodal lines ; but that is merely 
from the great force of the currents formed in water as already 
described, and the power with which they urge obstacles to the 
place of greatest vibration. 

6. When, in the course of a vibration, the part of a plate under 
a heap rises, it communicates a propelling force upwards to that 
heap, mingled as it is with the fluid in which the experiment is 
made, greater than that communicated to the surrounding fluid, 
because of the superior specific gravity of the former ; upon reced- 
ing from the heap, therefore, in performing the other half of its 
vibration, the plate forms a partial vacuum, into which the fluid, 
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round the heap, enters with more readiness than the heap itself; 
and, as it enters, carries in the powder at the bottom edge of the 
heap with it. This action is repeated at every vibration ; and as 
they occur in such rapid succession that the eye cannot distinguish 
them, the central part of the heap is continuaUy progressing up- 
wards ; and as the powder tlius accumulates above, whilst the base 
is continually lessened by what is swept in underneath, the parti- 
cles necessarily fall over and roll down on every side. 

c Although this statement is made upon the relation of the 
heap, as a mass, to the fluid surrounding it, yet it will be sen at 
once that the same relation exists between any two parts of the 
heap at different disunces finom tlie centre ; for the one nearest the 
centre will be propeMed upward with the greatest force, and the 
other will be in the most favorable state for occupying the paitial 
Tacuiun left by the receding plate. 

d, Thb view of the ettect \nll immediately account far aD the 
appearances : the circular form, the lusioo together of two or more 
heaps^ their involving motion, and tbeir existence upon any vihtat- 
ing part of the plate. The manner in which the neiirbbouiinf par- 
ticles would be absorbed by the bea[K is also evident : and as to 
th^ first formitioo. the s!ig!itest irregularities in the powder or 
smftce would deteniune a commencement^ which would then in- 
siantlv &vtir the increase. 

e. It b qmte true, that if the p9wder were coherent, that farce 
alone would tend to produce the same el^^ct, hot onhr in a renr 
faeble decree. Tab b samdently shown by the experiments made 
in the exhai^ted receiTer. Wiieo the banxneter of the air-pomp 
b at twenty-eight inches, that in tbe air being abooi :^SK^ inches^ 
the heaps, or rather parcels, fann very beaotifalJly orer the whole 
soi&re of the naemfarane : but ibev are verv dat and extaeiie 
compared with the hesip in air. asad tbe invcivi^g mcdon b lenr 
weak. As tbe aEr b ada£;i:ieii, tri>e vibcadoa besEig: c^ntiBBBed^ the 
bea|K rise in kc^t^ csoovrt sb eLaaoeter. asad moie mue lapodHj. 
A^in, in the expemoeixss wiiii nlEags and susd in vaier, do ootiae- 
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sive action could assist in producing the effect ; it must be entirely 
due to the manner in which the particles are mechanically urged 
in a medium of less density than themselves. 

/. The conversion of these round heaps into linear concentric 
involving parcels, in the experiment already described when the 
membrane was covered by a plate of glass, is a necessary conse- 
quence of the arrangements there made, and tends to show how 
influential the action of the air, or other including medium, is in all 
these phenomena. 

167. When a vibrating surface is covered with a 
layer of any fluid, the fluid usually presents a beauti- 
fully crispated appearance in the neighbourhood of the 
points of greatest excursion. 

a. This appearance was observed by Oersted, Wheatstone, 
Weber, and probably othere, but was first analyzed and its true 
theory given by Mr. Faraday. It is easily produced upon a square 
glass plate, held horizontally, as in most of the preceding experi- 
ments, covered with sufficient water on the upper surface to flow 
freely from side to side when inclined, and made to vibrate strongly 
by a bow applied to one edge, X , fig. 148, in the usual way. 
Crispations appear on the surface of the water, first at the points of 
greatest excursion, and extend more or less toward the nodal 
lines, as the vibrations are stronger or weaker. The crispation 
presents the appearance of small conoidal elevations of equal lat- 
eral extent, usually arranged rectangularly with extreme regularity ; 
permanent in appearance, so long as a certain degree of vibration 
is sustained ; increasing and diminishing in height, with increased 
or diminished vibration ; but not affected in their lateral extent by 
such variations, though the whole crispated surface is enlarged or 
diminished at those times. 

If the plate be vibrated so as to produce a different note, the 
crispations still appear at the point of greatest excursion, but are 
smaller for a high note, larger for a low note. The same note 
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produced on different sized plates, by different modes of vibratioOy 
appears to produce crispations of the same dimensibn, other ciicum- 
stances bein^ the same. 

These appearances are beautifully seen when ink diluted with 
its bulk of water is used on the plate. 

b. It is necessary for examination both to prolong and enlarge 
the effect, and the following are advantageous modes of producing 
it used by Mr. Faraday. Plates of crown glass, from eighteen to 
twenty-two inches long, and three or four inches wide, were sup- 
ported each by two triangular pieces of wood, acting as bridges, as 
in fig. 142, and made to vibrate by a small glass rod or tube resting 
perpendicularly at the middle, over which the moist fingers are 
passed. By sprinkling dry sand on the plates,^ and shifting the 
bridges, the nodal lines were found (usually about one fifth of the 
whole length from each end), and their places marked by a file or 
diamond. Then clearing away the sand, putting water or ink upon 
the plate, and applying the rod or fingers, it was easy to produce 
the crispations, and sustain them undisturbed, and with equal inten- 
sity for any length of time, 

c. By making a broad mark, or raising a little ledge of bee's 
wax, or a mixture of bee's wax and turpentine, it is easy to con- 
fine the pool of water, to the middle part of the plate, fig. 149, 
where, of course, the crispations are most powerfully produced. 
Such a barrier is often useful to separate the wet and dry parts of 
the glass, especially when a violin bow is used as the exciter. 

d. Deal laths, two, three, or four feet long, one inch and a half 
wide, and three eighths or more of an inch in thickness, were also 
used instead of the glass plates. These can be made to vibrate bj 
the fingeis and wet rod, and by either shifting the bridges or chang- 
ing the lath an almost unlimited change of isochronous vibratiQOSy 
from that producing a high note to those in which not noore than 
five or six occur in a second, can be obtained. The crispatioiis 
are formed upon a glass plate, attached to the middle of the lath 
by two or three little pellets of soft cement. 
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Obtained in this way, the appearances are very beautiful, and 
the facilities very great. A glass plate, from four to eight inches 
square, can be covered uniformly with crispations of the utmost 
regularity ; for, by attaching the plate with a little method, and at 
points equidistant from the centre of the bar, it is easy to make 
every part travel with the same velocity, and in that respect differ 
from, and surpass, the bar which sustains it. The conoidal heaps 
constituting the crispation can be so enlarged by slowness of vibra- 
tion, that three or four may occupy a linear inch. The glass plafe 
can be removed, and another of different form or substance, and 
with other fluids, as mercury, &lc., substituted in an instant. 

The exciting glass rod need not necessarily rest upon the middle 
of the bar or plate, but may be applied with equal effec! at some 
distance from it. Long laths may be made to subdivide in their 
mode of vibration, according as the rod is applied to different placesi 
and the pressure given by the exciting moist fingers is varied ; 
with each change of this kind an immediate change of the crispa- 
tion is observed. 

c. This form of apparatus was enlarged by Mr. Faraday, until 
a board eighteen feet long was used, the layer of water being now 
three-fourths of an inch in depth, and twenty-eight inches by 
twenty inches in extent. The sides of the cistern were very imich 
inclined, so that the water should gradually diminish in depth, and 
thus reflected waves be prevented. The vibrations were so slow 
as to be produced by the direct application of the band, and the 
heaps were each from an inch to two inches in extent. Though 
of this magnitude, they were identical in their nature with those 
forming crispations on so small a scale, as to appear merely like a 
dullness on the surface of the water. 

« 

168. The proportion of water requires a general 
adjustment to the extent of the vibrations, the crispa- 
tions being produced more readily and beautifully, when 
there is a certaiin quantity, than when there is less. 

23 
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For small crispations, the water should flow upon the surface 
freely. Large crispations require more water than small ones. 
Too much water sometimes interferes with the beauty of the ap- 
pearance, but the crispation is not incompatible with much fluid, 
for the depth may amount to eight, ten, or twelve inches, and is 
probably unlimited. 

169. The crispations are equally produced upon 
the under with the upper surface of vibrating plates. 

When the lower surface is moistened, and the bow applied, the 
drops which hang down by the force of gravity are rippled ; but 
being immediately gathered up, as in art. 164, c, a certain definite 
layer is produced, which is beautifully rippled, or crispated, at the 
point of greatest excursion. 

170. Most liquids, if not all, may be used to pro- 
duce these crispations, but some with peculiar advan- 
tages. 

a. Alcohol, oil of terpentine, white of egg, ink, and milk pro- 
duce them. White of egg, notwithstanding its viscosity, shows 
them readily and beautifully. Ink has great advantages, because, 
from its color and opacity, the form of the surface is seen undis- 
turbed by any reflection from the glass beneath ; its appearance in 
sunshine is exceedingly beautiful. When diluted ink is used for 
large crispations, upon tin plate, or over white paper, or mercury, 
the difierent degrees of color, or translucency corresponding to 
diflerent depths of the fluid, give important information relative to 
the true nature of the phenomena. Milk is, for its opacity, of 
similar advantage, especially when a light is placed beneath, and 
being more viscid than water is better for large arrangements, be- 
cause it produces less splashing. Oil does not show small crispa- 
tions readily, but when warmed (by which its liquidity is increased) 
it produces them freely. Cold oil will also produce large crispa- 
tions, and for very large ones would probably be better than water, 
because of its cohesion. 
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6. The difference between oil and white of egg is remarkable ; 
for the latter, from common observation, would appear to be a 
thicker fluid than oil; but the qualities of cohesion differ in the 
two, the apparent thickness of white of egg depending upon an 
elastic power, (probably due to an approach to structure,) which 
tends to restore its particles to their first position, and coexisting 
with great freedom to move through small spaces, whilst that of oil 
is due td a real difficulty in removing the particles one by another. 

It is possible that the power of assuming, more or less readily, 
the crispated state may be a useful, and even important, indication 
of the internal constitution of different fluids. 

c. With mercury the crispations are formed with great facility, 
and of extreme beauty, when a piece of amalgamated tin or 
copper plate, being fixed on a lath, is flooded with the fluid metal, 
and then vibrated. A film quickly covers the metal, and then 
the appearances are not so regular as at first ; but on removing the 
film by a piece of paper, their regularity and beauty are restored. 
It is more convenient to cover the mercury with a little very dilute 
acetic or nitric acid ; for then the crispations may be produced and 
maintained for any length of time, with a surface of perfect 
brilliancy. 

d. When a layer of ink is put over the mercury, the acid of 
the ink removes all film, and the summits of the metallic heaps, by 
diminishing the thickness of the ink over them, become more or 
less visible, producing the appearance of pearls of equal size beau- 

■ 

tifuUy arranged in a black medium. * 

When mercury covered with a film of dilute acid is vibrated in 
the sunshine, and the light reflected from its surface on a screen, 
it forms a very beautiful and regular image ; but the screen requires 
to be placed very near to the metal, because of the short ibcal 
lengths of the depressions on the mercurial surface. 

171. When the crispations are observed, well 
formed with vibrations so slow as to produce three or 
four elevations in a linear inch, they are seen to be 
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conoidal heaps rounded above, and apparently passing 
into each other below by a curvature in the opposite 
direction. 

When arranged regularly, each is surrounded by 
eight others, so that in the reflection of a single light 
nine images are sent from each elevation to the eye. 

The lateral dimensions of the heap remain constant, 
notwithstanding considerable variations in the force of 
vibration. But a variation in the depth of fluid affects 
their number ; so that with less fluid the heaps are 
snjaller, and with more fluid larger, though the sound, 
and, therefore, the number, of vibrations in a given 
period remains the same. 

The crispation on the long plate of glass, in fig. 149, 
always ultimately assumes a rectangular arrangement, 
i. e. the heaps are equidistant, and in rows parallel, or 
at right angles, to each other. The rows usually 
form angles of 45^ to the sides of the plate at the 
commencement ; but if the vibrations are continued, 
the whole system usually wheels round through 45°, 
until the rows coincide with the edges of the plate. 

a. With this plate the appearances are usually in the following 
order, the pool of water heing quadrangular, or nearly so, and the 
exciting rod resting in the middle of it. 

Ring-like linear heaps concentric to the exciting rod first form to , 
the number of six or seven ; these may be retained by a moderated 
state of vibration, and produce intervals which, measured across the 
diameter of the rings, are to the number of ten in three inches, 
with a certain constant depth of water. By increasing the force of • 
vibration the altitude of these elevations increases, but not their 
lateral dimension, and then linear heaps form across these circles 
and the plate, and parallel to the bridges, having an evident rela- 
tion to th^ manner in which the whole plate vibn^teis. These> 
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which, like all other of these phenomena, are strongest at the part 
most strongly vibrating, soon break up the circles, and are tl)em- 
selves broken up, producing independent heaps, which at first are 
irr^ular and changeable, but soon beconne uniform, and pmduce 
the quadrangular order ; first at angles of 45^ to the edges of the 
plate, but gradually moving round until parallel to them. So the 
arrangement continues, unless the force be so violent as to break it 
up altogether; if the vibratory force be gradually diminished, then 
th^ heaps as gradually fall, but without returning through the order 
in which they were produced. The lines, fig. 150, may serve to 
indicate the course of the phenomena. When perfectly formed, 
the intervals between the heaps are the same as were those between 
the rings, the number of heaps being ten in three itiches, with the 
same depth of water as that which produced the rings. But the 
number can be reduced to eight, or increased to eleven and a half,, 
in the three inches, by a change in no other condition than the 
depth of fluid. 

b. Another form of heaps occasionally occurs, but always pass- 
ing ultimately into those described. These heaps are grouped in 
an arrangement still very nearly rectangular, and stt angles of 45^ 
to the sides of the plate ; but are contracted in one direction, and 
elongated in the other ; these directions being parallel to the sides 
and ends of the plate. If the marks in fig. 151 be supposed to 
represent the tops of the heaps, an idea of the whole will be ob- 
tained. Three inches along these heaps in the direction of AB 
include eight heaps, but across them in the direction of AC include 
fifteen nearly. These numbers are therefore the relation of length 
to breadth. But along the lines of the quadrilateral arrangement, 
AD or BCy three inches include eleven heaps, which, notwith- 
standing the difference in form, is the same number that was pro- 
duced by the same plate, with the same depths of water, when the 
heaps were round ; therefore an equal number of heaps exist in 
the same area in both cases ; and the departure from perfect rec- 
tangular arrangement, and also the ratio of 1 : 2, is probably due 
to some slight influence of the sides of the plate. 



/ 
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WheD mercury covered with a film of very dilute nitric acid is 
Yibrated, the rectangular arrangement is constantly obtained. 
When vibrated under dilute ink, it is still more beautifully seen and 
dbtinguished. When the tin plate sustaining the mercury is square, 
and the whole surface is covered with crispations, the lines of the 
rectaDgular arrangement are always at angles of 45^ to its edges. 

172. When sand is sprinkled uniformly over a plate, 
on which large water crispations are produced, i. e. 
four, five, or six in the inch, it gives some very impor- 
tant indications. It immediately becomes arranged 
under the water, and with a little method may be 
made to yield very regular forms. It is always re- 
moved from under the heaps, passing to the parts 
between them, and frequently producing therefore the 
form, fig. 152, of great regularity. As the sand figure 
remains when the vibration has ceased, it allows of the 
determination of position, the measurement of inter- 
vals, &c. very conveniently. 

Very often the lines of sand are not continuous, but separated 
with extreme regularity into portions, as represented fig. 153. The 
portious of these lines are sometimes, with little sand on the plate, 
very small, fig. 154 ; and when more sand is present, they ar« 
thickened occasionally, fig. 155; then assuming the appearance of 
heaps, arranged in straight lines at angles of 45^ to the lines regu- 
lating the position of the water-heaps which form them, and just 
double in number to the latter. 

Sometimes the sand, instead of being deficient at the inter- 
secting angle, will accumulate there only, fig. 156 ; and at other 
times wiU accumulate there principally, but still show the original 
form by a few connecting particles, fig. 157. 

When tlie heaps are of the form, fig. 151, the sand is still 
washed from under them ; it does not, however, assume lines par- 
allel to the rectangular arrangement of the heaps, but is arranged 
as in fig. 158. 
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When only the circular linear heaps are produced, the sand 
assumes similar circular forms, concentric and alternating with the 
water elevations. 



173. On strewing a little lycopodium over the water, 
for the purpose of gaining information relative to what 
occurs at the surface during the crispation, it moves 
about over the fluid in every possible direction, whilst 
the crispations exist of the utmost steadiness beneath. 
The same thing occurs with pieces of cork on very 
large crispations. But when much lycopodium is put 
on, so that the particles retain each other in a steady 
position, then it forms lines parallel to the arrange- 
ment of the heaps, the powder being ' displaced from 
the parts over the heaps, and taking up an arrange- 
ment perpendicularly over the sand beneath. 

As the lycopodium forms float on the water, they are easily 
disturbed, and in no respect approach, as to beauty and utility, to 
the forms produced by the sand ; but lycopodium may be used 
with smaller crispations than sand. 

174. The crispations are much influenced by various 
circumstances. They tend to commence at the place 
of greatest vibration ; but if the quantity of fluid is 
too little there, and more abundant elsewhere, they 
will often commence at the latter place first. Their 
final arrangement is also much affected by the form 
of the plates, or of the pool of water on which they 
occur. 

a. When the plates or pools are rectangular, and all parts vibrate 
with equal velocity, the lines of heaps are at angles of 45^ to the 
edges. But when semi-circular and other plates are used, the 
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arrangement, though quadrangular, is unsteady, often breaking up 
and starting by pieces into different and changing positions. 

b. When mercury is used, the film formed on it after a few 
moments has great power, according to the manner in which it is 
puckered, of modifying the general arrangement of new crispa- 
tions. 

c. When a circular plate, supported by cork feet attached where 
a single nodal line would occur, is covered with water, and vibrated 
by a rod resting upon the middle, the crispalions extend from the 
middle towards the nodal line. These are sometimes arranged 
rectangularly, but have no steadiness of position, and change con- 
tinually. At other times, the heaps appear as if hexagonal, and 
are arranged hexagonally, but these also shift continually. This 
and many other experiments show tliatuhe direction and nature 
of the vibrations of the plate (i. e. of the lines of equal or varying 
vibrating force) have a powerful influence over the regularity and 
final arrangement of die crispations. 

175. The beautiful appearance, exhibited when the 
crispations are produced in sunshine, or examined by 
a strong concentrated artificial light, has been already 
referred to. W^hen the reflected image from any one heap 
is examined, it is found not to be stationary, as would 
happen if the heap was permanent and at rest ; nor 
yet to form a vertical line, as would occur if the heap 
were permanent, but travelled to and fro with the 
vibrating plate ; but it moves so as to re-enter upon 
its course, forming an endless figure, like those pro- 
duced by Dr. Young's piano-forte wires, in art. 67, 
or Wheatstone's kaleidophone, varying with the posi* 
tion of the light and the observer, but constant for any 
particular position and velocity of vibration. 

Upon placing the light and the eye in positions nearly perpen- 
dicular to the general surface of the fluid, so as to avoid tlie direct 
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Motions of the Heaps. 

influence of the motion of vibration, still the luminous, linear, end- 
less figure is produced, extending more or less in different direc- 
tions, according to the relation of the light and eye to the crispated 
surface, and occasionally corresponding in its extent one way to the 
width of the heap, i. e. to the distance between the summit of one 
heap and its neighbours, but never exceeding it. The figure pro- 
duced by one heap is accurately repeated by all the heaps when 
the vibrating force of the' plate is equal and the arrangement 
regular. 



^ 



176. The heaps which compose the crispations are 
not permanent elevations, like the cones of lycopodium 
powder, the fluid rising at the centre and descending 
down the inclined sides ; but they are raised and de- 
stroyed with each vibration of the plate. 

Moreover, the heaps do not all exist at once, but 
form two sets of equal number and arrangement, fig. 
159, never existing together, but alternating with, and 
being resolved into each other, and by their rapidity 
of recurrence, giving the appearance of simultaneous 
and even permanent existence. 

Each heap recurs, or is reformed in two complete 
vibrations of the sustaining surface. But as there are 
two sets of heips, a set occurs for each vibration. 
The maximum and minimum of height for the heaps 
appear to be, alternately, almost immediately after 
the supporting plate has begun to descend in one com- 
plete vibration. 

a. On producing a water crispation, having four or five heaps in 
a linear inch, placing a candle beneath, and a screen of French 
tracing paper above it, the phenomena are very beautiful, and such 
as agree with this description. By placing the screen at different 
distances, it can be adapted to the focal length due to the curva- 

24 
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Permanence of the Heaps, only Apparent. 

ture at diflferent. parts of the surface of fluid, so that by observing 
the luminous figure produced and its transitions, as the screen is 
moved nearer or further, the general form of the surface can be 
deduced. Each heap with a certain distance of screen gives a 
star of light ®, fig. 160, which twinkles, i. e. appears and disap- 
pears alternately, as the heap rises and falls. At the corners X 
equidistant from these, fainter starred lights appear ; and by putting 
the screen nearer to or further from the surface, lines of light, in 
two or even four directions, appear intersecting the luminous cen- 
tres, apparently permanent, whilst circumstances remain unchaned. 
These effects can be magnified to almost any scale. 

6. When heaps of similar magnitude are produced, with diluted 
ink on glass, and white paper, or an illuminated screen looked at 
through them, a chequered appearance is observed. In one posi- 
tion, lines of a certain intensity separate the heaps from each 
other, but the square places, representing the heaps look generally 
lighter. In another position, when but little reflected light comes 
from the surface of the heaps, their places can be perceived as 
dark from the greater depth of ink there. 

By care, another position can be found in which the whole sur- 
face looks like an alternate arrangement of light and dark chequers, 
fig. 161, not steady, but with a quivering motion, which further 
attention can trace as due to a rapid alternation in which the light 
spaces become dark, and the dark light, simultaneously. When, 
instead of glass, a bright tin plate is used under the diluted ink, the 
chequered spaces and their alternations can be seen still more 
beautifully. 

c. It was in consequence of these efiects that very large arrange- 
ments were made by Mr. Faraday, giving heaps that were two 
inches and a half wide each : and then it was evident, by ordinary 
inspection, that the heaps were not stationary, but rose and fell ; 
and also that there were two sets regularly and alternately arranged, 
the one set rising as the other descended. 

Sand gave no indications of arrangement with these large heaps ; 
but when some coarse saw-dust was soaked, so as to sink in water, 
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and then distributed in the fluid, Its motions were beautifully illus- 
trative of the whole philosophy pf the phenomena. It was imme- 
diately washed away from under the rising and falling heaps, and 
collected in the places equidistant between these spots, as the sand 
did in the former experiments, and by its vibratory motion to and 
fro, it showed distinctly how the water oscillated from one heap 
towards another, as the heaps sunk and rose. 

When milk was used instead of water, for these large arrange- 
ments, in a dark room, and a candle was placed beneath, the ap- 
pearances also were very beautiful, resembling in character those in 
fig. 161. 

d. When regular crispations have been sustained for a short 
time on mercury, on which a certain degree of film has been 
allowed to form ; on examining the film afterwards in one light, lines 
can be seen on it, coinciding with the intervals of the heaps jn one 
direction ; in another light, lines coinciding with the other direc- 
tion come into sight, whilst the first disappear ; and in a third light 
both sets of lines can be seen cutting out the square places where 
the heaps had existed ; in these spaces the film is minutely wrinkled 
and bagged, as if it had there been distended ; at the lines it is 
only a little wrinkled, giving the appearance of texture ; and at 
the crossing of the lines themselves, it is quite free from mark and 
fully distended. All these are natural consequences, if ih& film 
be considered as a flexible, but inelastic, envelope formed over the 
whole surface whilst the heaps are rising and falling. 

177. The mode of action, by which the heaps are 
formed, is analogous in some points to that by which 
the currents and the involving heaps already described 
are produced, and all the phenomena observed and 
described, the quadrangular arrangement of the heaps, 
their successive destruction and re-formation, the in- 
crease of their number, with that of the vibrations, the 
necessity of a certain depth of fluid, the permanence of 
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the lateral extension of the heaps, the arrangements 
of the sand and lycopodium, can readily be explained 
on mechanical principles. 

a. The plate in rising tends to lift the overlying fluid, and in 
falling to recede from it ; and the force which it is competent to 
communicate to the fluid, can, in consequence of the physical 
qualities of the fluid, be transferred from particle to particle in any 
direction. The heaps are at their maximum elevation just after 
the plate begins to recede from them ; before it has com] leted its 
motion downwards, the pressure of the atmosphere, and that part 
of the force of the plate which through cohesion is communicated 
to them, has acted, and by the time the plate has begun to return, 
it meets them endowed with momentum in the opposite direction, 
in consequence of which they do not rise as heaps, but expand 
laterally, all the forces in action combining to raise a similar set of 
heaps, at exactly intermediate distances, which attain their maxi- 
mum height just after the plate again begins to recede ; these 
therefore, undergo a similar process of demolition, being resolved 
into exact repetitions of the first heaps. Thus the two sets oscillate 
with each vibration of the plate, and the action is sustained so long 
as the plate moves whh a certain degree of force ; much of that 
force being occupied in sustaining this oscillation of the fluid against 
the resistance offered by the cohesion of the fluid, the air, the 
friction on the plate, and other causes. 

b, A natural reason appears for the quadrangular and right- 
angled arrangement which is assumed, when the crispation is most 
perfect. The hexagon, the square, and the equilateral triangle are 
the only regular figures which can fill an area perfectly. The 
square and triangle are the only figures which can allow of one 
half alternating symmetrically with the other, in confonnity with 
what takes place between the two reciprocating sets of heaps, 
figs. 159 and 162 ; and of these two the boundary lines between 
squares are of shorter extent than those between equilateral trian- 
gles of equal area. It is evident, therefore, that one of these two 
will be finally assumed, and that that will b^ the square arrange- 
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ment ; because then, tlie fluid will offer the least resistance in its 
undulations to the motions of the plate, or will pass most readily to 
those positions into which the forces, it receives from the plate, con- 
spire to impel it. 

c. The fluid may, then, be considered as a pendulum, vibrating 
to and fro under a given impulse ; the various circumstances of 
specific gravity, cohesion, friction, intensity of vibrating force, &c. 
determining the extent of oscillation, or, what is the same, the 

m 

number of heaps in a given interval ; the distance between two 
heaps, or the lateral extent of a heap, being that passed over by a 
wave on the surface of the fluid during two vibrations of the plate. 
Hence, when the number of vibrations in a given time is increased, 
the heaps are more numerous. 

The necessity of a certain depth of fluid is evident, and also the 
reason why, by varying the depth, the lateral extent of the heaps 
is changed. The arrangement of the sand and lycopodium, by 
the crispations, and the occurrence of the latter at centres of vibra- 
tion, and only upon surfaces vibrating normally, are all evident con- 
sequences. 

d. As to the origin or determination of crispations, no difBculty 
can arise ; the smallest possible difierence in almost any circum- 
stance, at any one part, would, whilst the plate is vibrating, cause 
an elevation or depression in the fluid there ; the smallest atom of 
dust falling on the surface, or the smallest elevation in the plate, or 
the smallest particle in the fluid, of diflerent specific gravity from 
the liquid itself, might produce this first eflFect; this would, by each 
vibration of the plate, be increased in amount, and also by each 
vibration extended by the breadth of a heap, in at least four direc- 
tions ; so that in less than a second a large surface would be 
afiected, even under the improbable* supposition that only one 
point should at first be disturbed. 

6. The circular linear heaps produced on long or circular plates 
by feeble vibration are explicable upon the same principles, account 
being at the same time taken of the arrangement and proportion 
of vibrating force in the various parts of the plates. 



190 SOUND. [p. III. CH. m. ^ 178- 



StatioDarv UiMiulations. 



178. The heaps which constitute the crispations here 
described are not to be confounded with what are 
called stationary undulations^ although of the same 
form, quality, and motion of their parts ; but which 
are produced by an entirely diflTerent cause, being the 
result of different progressing undulations formed 
partly of reflections from the sides of the vessel con- 
taining the fluid, and depending upon the form of the 
vessel. 

a. If the mercur}' in a small circular basin b tapped at the 
raiddle, stationary undulations, resembling the ring-like heaps, are 
obtained, which arise from two sets of progressing and opposed 
undulations, one of which proceeds from the centre to tbe circum- 
ference of the surface, and the other is the reflection proceediiig 
from the circumference to the centre. 

&. If a rectangular frame be made to beat at equal intervals of 
time on mercury or water, heaps like 'those of the crispatiooSy 
arranged quadra cgularly at angles of 45^ to the frame, are pro- 
duced, which result from the four sets of undulations propagated 
from the sides of the frame. Thus the undulations from the oppo- 
site sides of the frame, being opposed, produce lines parallel to 
each other, so that two sets of such lines are formed equidistant 
and perpendicular to each other, and which, being superposed like 
the Tibrations on rectangular plates, in art. 129, e, produce heaps 
arTana:ed at an«;les of 45^ to the frame. 

r. The heaps of crispations, on the contrary, ha?e no depen- 
dence on progressive undulations originating laterallj, as many of 
the phenomena described prove. Thus, when the edges are 
bevelled or covered with cloth, or wet saw-dust, so that waves 
reaching tbe side shall be destroyed, or when the iimits of the 
water or plates are round or irregular, still the heaps are produced, 
and their arrangement square. When the round plate is used, 
regular crispatioos are still produced, though, as the water extends 
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over the nodal line, and is there perfectly undisturbed, no progress- 
ing and opposed undulations can originate to produce them. 
Vellum stretched over a ring, and rendered concave by the pres- 
sure of the exciting rod, produces the same effect. 

d. When a plate of tin, rendered very slightly concave, is 
attached to a lath, so as to have equality of vibratory motion in all 
its parts, and a little dilute alkali (which will wet the surface), put 
into it, the crispations form in the middle, but cease towards the 
sides, where, though well wetted, there is not depth enough of 
water, and from whence also no waves can be reflected to produce 
stationary undulations in the ordinary manner. 

c. When a similar arrangement is made with mercury on a con- 
cave tin plate, the effects are still more beautiful and convincing. 
The centre portion is covered with one regular group of quadran- 
gular crispations; at some distance from the centre, and where the 
mercury is less in depth, these pass into concentric, ring-like heaps, 
of which there are a great many ; and outside of these there is a 
part wet with mercury, but with too little fluid to give either lines 
or heaps. Here there can be no reflected waves ; or, if that were 
thought possible, those waves could not form both the circular 
rings and the square crispation. When this plate is vibrated, the 
mercury spreads in all directions up the side, a natural consequence 
of the production of powerful oscillations at the middle, which will 
extend their force laterally, but quite against their being due to the 
opposition and crossing of waves originating at the sides. 

179. When a vertical plate is vibrated transversely 
at the horizontal surface of a fluid, crispations are 
formed which consist of linear heaps arranged perpen- 
dicularly to the plate. , 

a. On arranging the long plates, fig. 142, vertically, so that the 
lower extremity dips about one third of an inch into water, fig. 163, 
and causing it to vibrate by applying the rod at X > or by tapping 
the plate with the finger^ undulations of a peculiar character are 
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observed ; those passing from the plate towards the sides of tbe 
basin are scarcely visible though tbe plate vibrates strongly, but in 
place of such, appear others, in the production of which the mechani- 
cal force of the vibrating plate exerted upon the fluid is principally 
employed. These are apparently permanent elevations, at regular 
intervals, strongest at the plate, projecting directly out from it over 
the surface of the water, like the teeth of a coarse comb gradually 
diminishing in height, and extending half or three quarters of an 
inch in length. These vary in commencing at the glass, or having 
intervening ridges, or in height, or in length, or In number, or in 
breaking up into violently agitated pimples and drops, &c. accord- 
ing as the plate dips more or less into the water, or vibrates more 
or less violently, or subdivides whilst vibrating into parts, or changes 
in other circumstances. 

But when the plate, (sixteen or seventeen inches long,) dips 
about one sixth of an inch, then four of these linear heaps occupy 
as nearly as possible the same space, as four heaps formed with the 
same plate in the former way and accompanied with the same 
sound. 

b. By fixing a wooden lath perpendicularly downwards in a vice, 
plates of any size or form can be attached to its lower end and 
immersed more or less in water ; and by varying the immersion of 
the plate, or the length of the lath, or the place against which tbe 
exciting rod is applied, the vibrations can be varied in rapidity to 
any extent. 

On using a piece of board at the extremity of the lath, eight 
inches long, and three inches deep, with pieces of tin plate four 
Inches by five, fixed on at the ends in a perpendicular position to 
prevent lateral disturbance at those parts, very regular and beau- 
tiful ridges are obtained of any desired width, fig. 164. These 
ridges, as before, form only on the wood, and are parallel to the 
direction of its vibration. They occur on each side of the vibrat- 
ing plane with equal regularity, force, and magnitude, but seem to 
have no connexion, for sometimes they correspond in position, and 
at other times not ; the one set shifting a little, without the others 
being displaced. 



p. III. CH. III. 'J^ 180.] FLUIDS ON VIBRATING SURFACES. 193 

Crispations arising from the VibratioDs of Plates at the Surface of a Fluid. 

r. It can now be observed that the ridges on either side the^ 
vibrating plane consist of two alternating sets ; the one set rising as 
the other falls. For each fro and to motion of the plane, or one 
complete vibration, one of the sets appears, so that in two complete 
vibrations, the cycle of changes is complete. Pieces of cork and 
lycopodium powder show that there is no important current setting 
in the direction of the ridges ; towards the heads of the ridges, 
pieces of cork oscillate from one ridge towards its neighbour, and 
back again. The lycopodium sometimes seems to move on the 
ridges from the wood, and between them to it ; but the motion is 
irregular, and there is no general current outwards or inwards. 
There is not so much disturbance as amongst the hedps of art. 167. 

d. A very simple arrangement exhibits these ripples beautifully. 
If an oval or circular pan, fifteen or eighteen inches in diameter, 
be filled witii water, and a piece of lath twelve or fifteen inches 
long be held in it, edge upwards, so as to bear against the sides of 
the pan, as supporting points, and cut the surface of the water, then 
on being vibrated horizontally by the glass rod, and wet finger, the 
phenomenon immediately appears with ripples an inch or more 
in length. When the upper edge of the lath is an inch below the 
surface, the ripples can be produced. When the vessel has a 
glass bottom, the luminous figures produced by a light beneath, and 
a screen above, are very beautiful. Glass, metal, and other plates, 
can thus be easily experimented with. 

e. These crispations are perfectly analogous, as to cause, Arrange- 
ment, and action, with the heaps and crispations already explained 
in art. 177, and display the same vibratory motion in directions 

^ perpendicular to the force applied, by which the water can most 
readily accommodate itself to rapid, regular, and alternating changes 
in bulk in the immediate neighbourhood of the oscillating parts. 

180. Similar crispations to those just described are 
produced, when a substance is made to vibrate in con- 
tact with and perpendicularly to the surface of a fluid, 

or indeed in any other direction. 

25 
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a. Let a lath be fixed horizontally in a vice by one end, so that 
the other can vibrate vertically ; let a cork be cemented to the 
under surface of the free end, and a basin of water placed beneath 
with its surface just touching the cork, as in fig. 165. On vibrating 
the lath by means of a glass rod and the fingers, a beautiful and 
regular star of ridges, two, three, or even four inches in length, is 
formed round the cork. These ridges are more or less numerous 
according to the number of vibrations, &c. As the water is raised, 
and more of the cylinder immersed, the ridges diminish in strength, 
and at last disappear ; when it just touches the surface, they are 
most powerfully developed. This is a necessary consequence of 
the dependence of the ridges upon the portion of water, which is 
vertically displaced, and restored at each vibration. When this 
portion is at or near the surface, the ridges are freely formed in its 
immediate vicinity ; when at a greater depth, (being always at the 
bottom of the cork,) the displacement is diffused over a larger mass 
and surface, each particle moves through less space, and with less 
velocity, and, consequently, the vibrations must be stronger, or the 
ridges be weaker, or disappear altogether. 

The refraction of a light through this star produces a very beau- 
tiful figure on a screen. 

b. A heavy tuning-fork vibrating, but not too strongly, if placed 
with the end of one limb either vertical, inclined, or in any other 
position, just touching the surface of water, ink, milk, &c. shows 
the effect very well for a moment. It also shows the ridges on 
mercury, but the rnolion and resistance of so dense a body quickly 
bring the fork to rest. It forms ridges in hot oil, but not in cold 
oil. 

With cold oil, a very inclined fork produces a curious pump-like 
action, throwing up four streams, easily explained when witnessed, 
but not so closely connected with the present phenomena, as to 
require more notice here. 

181. When a large glass of water is made to sound 
by passing the wet finger round the edges, the glass 



p. IIT. CH. III. ^ 183.] FLUIDS ON VIBRATING SURFACES. 195 

Crispations in a Large Glass of Water. 

divides into four vibrating parts, opposite to which the 
crispations are strongest, and there are four nodal 
points at equal distances from each other. 

If the vessel is a large glass jar, and soft sounds are produced, 
the surface of the water exhibits the ridges at the centres of vibrar 
tion ; as the sound is rendered louder, these extend all round the 
glass, and at last break up at the centres of vibration into irregular 
crispations ; but both the ridges and crispations are effects of the 
kind already described, and require no further explanation. 

182. Ridges, several inches long, are sometinaes pro- 
duced on the surface of smooth shallow water, by the 
force of the wind, differing from waves of the ordinary 
kind, in being accurately parallel to the course of the 
wind, and resembling the crispations just described. 

These ridges may. be observed, during a strong steady wind, on 
a smooth, flat, sandy shore, with enough water on it, either from 
the receding tide, or from the shingles above, to cov^r it thoroughly, 
but not to form waves, in a 'place where the wind is not broken by 
pits or stones. They are of uniform width, whatever the extent 
of surface, varying in width only as the force of the wind, and the 
depth of the stratum of water varies. They may be seen at the 
windward side of the pools on the sand, but break up as soon as 
waves appear. If the waves be quelled by putting some oil on 
the water to windward, these ripples, then, appear on those parts. 

They are often seen, but so confused that their nature could nojt 
be gathered from such observations, on the pavements, roads, and 
roofs, when sudden gusts of wind occur with rain. 

As they could not be caused by the wind exerted in a mannet 
similar to that by which ordinary waves are produced, they are 
probably due to the water, acquiring an oscillatory condition similar 
to those described, probably influenced in some way by the elastic 
nature of the air itself. 
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They are strong enough to arrange the sand beneath where 
ordinary waves had not been powerful enough to give form to the 
surface. 

183. All the phenomena of cris[)ation, as yet de- 
scribed, are such as take place at the surfaces of those 
fluids, in common language considered as inelastic, and 
in which the elasticity, they possess, performs no ne- 
cessary part ; nor is it possible that they could be pro- 
duced within their mass. But on extending the reason- 
ing, it does not seem at all improbable that analogous 
effects should take place in gases and vapor, their 
elasticity supplying that condition necessary for vibra- 
tion, which in liquids is found in an abrupt termination 
of the mass by an unconfined surface. 

a. If this be so, then a plate vibrating in the atmosphere may" 
have the air immediately in contact with it separated into numerous 
portions, forming two alternating sets like the heaps on the surface 
of water ; the one denser, and the other rarer, than the ordinary 
atmosphere ; these sets alternating with each other by their alternate 
expansion and condensation with each vibration of the plate. 

6. With the hope of discovering some effect of this kind, 
Mr. Faraday made use of a flat circular tin plate, having a raised 
edge of tin, three quarters of an inch high, fixed on all round, and 
the plate was then attached to a lath, a little lycopodium put on 
to it, and vibrated powerfully, so that the powder should form a 
mere cloud in the air, which, in consequence of the raised edge 
and the equal velocity of all parts of the plate, had no tendency 
to collect. 

Immediately it was seen that in place of a uniform cloud it had 
a misty honeycomb appearance, the whole being in a quivering 
condition ; and on exerting the attention to perceive waves, as it 
were, travelling across the cloud in opposite directions, they could 
be most distinctly traced. This is exactly the appearance that 
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would be produced by a dusty atmosphere-, lying upon the surface 
of a plate, and divided into a number of alternate portions, rapidly 
expanding and contracting simultaneously. 

c. But the spaces were very many times too small to represent 
the interval through which the air, by its elasticity, would vibrate 
laterally once for two vibrations of the plate, in analogy with the 
phenomena of liquids. This would form a strong objection to this 
being an effect of the kind proposed, were it not possible that the 
air may have vibrated in subdivisions, like a string or a long column 
of air, which subdivision would probably be produced, if by do 
other circumstance, by reflection from the raised edges of the pl«te^ 
which must take place when the edge is nearly at a point of greatest 
condensation and rarefaction. 

d* If the atmosphere vibrates laterally in the manner supposed^ 
the effect is probably not limited to the immediate vicinity of the 
plate, but extends to some distance. Thus the vertical plates of 
fig. 164 produced ripples on the water, five or six inches long ; 
whilst the waves parallel to the vibrating plate were hardly sen- 
sible ; and something analogous to this might take place in the 
atmosphere. If so, it would seem likely that these vibrations, 
occurring conjointly with those producing sound, would have an 
important influence upon its production and qualities, upon its 
apparent direction and many other of its phenomena. 



I 
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CHAPTER IV. 



THE EAR. 



184. The auditory apparatus, represented by fig. 
166, is very complicated ; most of its parts are ex- 
tremely small, being contained in the small cavity of 
a very hard bony projection, which extends on each 
side of the head into the interior of the skull, and is 
part of the temporal bone. It may be divided into 
three parts, the outer, the middle, and the inner ear. 

185. The outer ear consists of a wide, conch-shaped 
opening, a 6, which contracts into a narrow pipe, c J, 
defended from the entry of dusts and insects, by hairs 
and a viscous exudation which is slowly secreted. 

The form of the opening of the ear in many animals, as the 
hare, the horse, &c. is that of a horn, or of the ear-trumpet used 
by the deaf, and is calculated to reflect the vibrations of air which 
strike upon it, and to augment the intensity of the sound. 

The human ear, on the contrary, expands at its opening into a 
broad rim, which is rather fitted, by its position and the inequalities 
of its surface, to receive the vibrations which are nearly perpen- 
dicular to it, and transmit them through its substance to the 
bones of the bead, and thence to the internal ear, than to reflect 
sound into the ear. It is, however, of but little use, and its loss 
does not much weaken the power of hearing ; but the rest of the 
external ear is shaped like a hora, and undoubtedly serves. to 
augment the sounds which it transmits. 
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The Middle Ear. The Tympanum, Foramen, Eustachian Tube. 

186. The middle ear consists of the cavity of the 
tympanum, h ; the membrane of the tympanum, g ; two 
openings called foramens nearly opposite this mem- 
brane, one round, the other oval, the Eustachian 
tube, and four little bones which traverse the cavity of 
the tympanum, from its membrane to that of the 
foramen ovale. 

a. The cavity of the tympanum is chiefly designed as a reser- 
voir for the air, which is communicated to it through the long canal 
of the Eustachian tube, and which is thereby maintained at a con- 
stant state of temperature and n)oisture, all direct communication 
with the outer air being cut off by means of the membrane of the 
tympanum. The object of maintaining this constant temperature 
and moisture is to preserve the membranes of the two foramens 
from those great changes in their modes of vibration, mentioned in 
art. 153 d, which stretched membranes always undergo during such 
changes, and which would affect our perception of the quality, 
though not of the pitch, of sounds. 

The resonance of the cavity of the tympanum is also probably 
of some use in reinforcing the sounds transmitted to it. 

b. The membrane of the tympanum, which closes the auditory^ 
passage and excludes the outer air, is not necessary for bearing ; 
and it would be a great impediment to the admission of sound, if 
it were not so thin and of so little tension, that, as in art. 154 b, its 
vibrations almost exactly coincide with those of the air. Moreover 
it is moistened on the inner side, like the most sensitive membranes 
used by M. Savart, art. 153 c?; it is placed over the mouth of the 
resonant cavity of the tympanum, which still increases its sensi- 
bility, as in art. 154 e; and the air in this cavity is not so closely 
confined as to impede its motions, but can expand when compressed 
through the Eustachian tube, like the air in a drum through the 
hole in the side of the drum. 

c. Were it not for the supply of air through the Eustachian tube, 
the air in the cavity of the tympanum would soon be absorbed, and 
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The Hammer, Anvil, and Stirrup. The Inner Ear or the Labyrinth. 

the vibrations of the tympanum would be but feebly transmitted to 
the internal ear through the bones of the cavity. Thus the obstruc- 
tion of this tube is sometimes the cause of deafness. 

d. The four little bones represented in fig. 167, which extend 
across the cavity of the tympanum, consist of the hammer, SC, 
which rests with its smaller end in contact with the middle of the 
membrane of the tympanum ; the anvil, BP, which, by a little 
round bone, P, communicates with the last, F, called the 
stirrup, and attached to the membrane of the ybramen ovale. The 
design of these bones is to restrain the membranes of the foramens 
from vibrating too powerfully under the action of intense sounds, 
and thus injuring the auditory nerve. They effect this purpose by 
the pressure of the stirrup on the membrane of the oval forameriy 
which is communicated to the round foramen through the liquid of 
the internal ear, and by which the tension of these membranes b 
increased, and, therefore, the extent of their vibrations diminished. 

187. ThB inner ear, or the labyrinth, fig. 168, is a 
hard bony cavity, consisting of several smaller cavi- 
ties, all communicating together, called the vestibule^ 
A ; thi^ee semi-circular canals, BBB, and the cochlea, C ; 
it is filled with a limpid albuminous fluid, called the 
perilymphe or the liquid of Cotugno, within which floats 
the membranous labyrinth also filled with a limpid fluid, 
like the white of egg, and containing branches of the 
auditory nerves and several calcareous concretions. 

a. The labyrinth is a mystery, the parts of which are well 
enough described by the anatomist, but their respective uses are 
altogether unknown, and hardly a plausible conjecture has been 
offered respecting them. The vestibule appears to be the essential 
organ of hearing, as it is never wanting even in the most imperfect 
ears of animals, the lowest in the scale of being ; and the addi- 
tions of the semicircular canals and the cochlea seem designed to 
give the power of discerning the qualities of different sounds, but 
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how they effect this purpose is, as yet, unexplained. The vesti- 
bule is immediately connecied with the cavity of (he tympanum by 
means of the foramen ovale. 

b. The cochlea is a most singular organ of a spiral form, with 
its cavity divided into two parts by a^ partition, half bony, half 
membranous ; it is filled with the perilymphe, contains a branch of 
the auditory nerve, has a free communication with the vestibule, 
and is separated from the cavity of the tympanum only by the 
round foramen. 

c. The two fluids contained in the labyrinth are of such cohesive 
power, that they easily retain the membranes and calcareous conct^ 
iions floating within them in a constant posilbn ; and yet they are 
of such elastic power, and the mobility of their parts is so perfect, 
that, like white of egg, art. 170 t, they readily admit of vibra- 
tions. Their elasticity is not, however, so great that, like air, art. 
183, they would admit of crispations within their substance near 
the membranes of the foramens, and thus disturb the perception of 
the quality of sounds. 

The importance of the perilymphe is shown by the fa6t, that, 
when the nnfembrane of either foramen is injured so that this 
liquid can flow out, the hearing is destroyed. 

d. The membranous labyrinth does not extend through the 
whole of the bony cavity, but is limited to the vestibule and the 
semicircular canals. In the vestibule it has the form of several 
bags, or sacksy united together, and it extends in the form of a tube 
throughout the semicircular canals, bulging out in each of them, 
near one end, into the form of a swelling. The bags of the vesti- 
bule and the swellings in the tubes contain, each of them, several 
calcareous concretions, which are attached to the auditory nerves, 
and seem to perform some important office in the communication 
of vibrations to it ; as loose bones, which supply their place in 
inferior ears, are always found even in the most defective ears, 
those which consist only of a vestibule, containing the two fluids, 
and a single membranous sack. 

26 
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CHAPTER V. 



THE VOICE. 



188. In all animals, without exception, (unless, 
perhaps, the grasshopper with its chirp, or the cricket 
be such,) the sounds of the voice are produced by a 
wind instrument, the column of air contained in the 
mouth, throat, and anterior part of the windpipe being 
set in vibration, by the issue of a stream of air from 
the lungs through a membranous slit in a kind of valve 
placed in the throat.' In man and in quadrupeds this 
organ is single ; but in birds it is double, a valve of 
this kind being placed at the opening of each of the 
two great branches, into which the trachea first divides 
itself as it enters the lungs, just before they unite in 
one common windpipe. 

Almost every animal has a ^ice, or cry, peculiar to itself; the 
voice being most perfect, and varied, in man and in birds, which, 
however, difler extremely in the degree in which they possess this 
important gift. In quadrupeds, it is limited to a few uncouth 
screams, bellowings, and oth^r noises, perfectly unmusical in their 
character, while in many birds it assumes the form of musical notes, 
of great richness and power, or even of articulate speech. In the 
human species alone, and that only in some rare instances, we find 
the power of imitating with the voice every imaginable kind of 
noise, with a perfect resemblance, and of uttering musical tones of 
a sweetness and delicacy attainable by no instrument. 
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189. The organs of the voice, in man, consist of the 
thorax^ the trachea^ the larynx^ the pharynx^ the mouthy 
and \henose^ with their appendages, all of v^^hich neces- 
sarily concur in the production.of almost every sound ; 
and this remarkable concurrence, which renders it very 
difficult to discover in every case the peculiar office of 
each organ, is produced by a most complicated and 
perfectly adjusted system of nerves. 

190. The thorax^ by the aid of the diaphragm,, and 
the 24 intercostal muscles acting on the lungs within, 
and alternately compressing and dilating them, per* 
forms the office of a bellows. 

Now it is important that the force of the blast of a wind instru- 
ment should be adapted to its dimensions, and also to the different 
notes which it sounds ; and this adaptation is efiected in the church- 
organ by proportioning with mathematical accuracy the* dimensions 
of all the pipes, which sound the different notes, to the same pair 
of bellows. But the motions of the human chest are so admirably 
adjusted to the changes of the vocat organs in sounding the different 
notes, that the church-organ could not be made to approach the pre- 
cision of adjustment in the human organs, were there as many pairs 
of bellows as there are pipes, and each adjusted by a weight or 
spring, to accommodate the pressure of air to the dimensions of the 
pipes. 

191. The trachea^ and all that portion of the wind- 
pipe, which extends from the larynx to the lungs, may 
be considered as the porte-vent, or tube, which conveys 
the air from the lungs to the musical organs ; and it 
probably has some influence upon the quality and pitch 
of the voice, but more upon the vowel sounds, as in 
art. 195. 
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192. The larynx may be considered as the musical 
organ of the voice, being that upon which the pitch 
chiefly depends. 

a. The larynx ^ fig. 169, is a short tube, situated in the throat, 
9t the head of the trachea, and just behind the pomum Adami, 
<5omposed of five elastic cartilages, of which the uppermost is called 
the epiglottis y whose office is to open and shut, like a valve, the 
orifice of the larynx, during the process of swallowing. It is lined 
or huns^ within, with a fine mucous membrane which forms, near 
its middle, two great lateral folds, called the vocal chords, or the 
inferior ligaments of the glottis ; and these chords can be stretched, 
or the chink between them, which resembles a button-hole, con- 
tracted by the action of the ligaments and muscles connected with 
them. A little above the vocal chords are two other similar folds 
of the membrane, called the upper ligaments of the larynx. The 
space shut in by the membrane between these ligariients is called 
the glottis; a front vertical section of which is represented in fig. 
170, a a being the inferior ligaments, and b h the superior liga- 
ments. 

6. The glottis has been compared by M. Savait to the Hrd^ 
call used by hunters. This instrument consists of a short cylin- 
drical tube, closed at each end by a round plate, through which 
is made a small hole. A current of air, being blown through th^ 
holes, carries along with it part of the air coiiiained in the cavity, 
and produces a more and more rarefied state of air within the in- 
strument, until the outer air by its superior pressure either forces 
back the whole of the issuing stream, or part of it near the edge of 
the hole, and thus condenses the air within, until a reaction i3 pro- 
duced, followed by another rarefaction, and so on. 

Now M. Savart has found that the sounds, which are thus pror 
duced, vary in pitch with the force of the blast, and with changes in 
the dimensions of the instrument, and in the size of the apertures ; 
and they are still more modified, if the air passes through a soft 
elastic porte-^ent, like the trachea, capable of changing its diameter 
and its length ; so that all the sounds within the compass of the 
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double octave may readily be obtained ; and, if great precautions 
are taken, tones even yet graver may be educed, so as to admit, in 
fact, no limit in this direction. 

c. The glottis was generally regarded as performing the functions 
of a reed, until the investigations of M. Savart, who remarked that 
the essential principle of a reed, the periodical opening and closing 
of the orifice, through which the stream of air passes, is wanting in 
the glottis. Were the glottis a reed, the edges of the vocal liga- 
ment, which form the chink through which air passes, would require 
to be almost in contact, and should be alternately forced asunder 
by the effort of the air, and brought together by their tension* 
But, on the contrary, he found that the larynx of the dead subject, 
when left in its natural stale, and gently blown into through the 
trachea, yielded sounds approacliing to those of the voice, although 
the opening left between the borders of the glottis was as much as 
one-sixth, or even one-fourth of an inch across, and more than 
half an inch long. 

Some physiologists have, however, retained the opinion that the 
vocal chords do actually come in contact and perform the office of 
a reed, because the voice is not destroyed by cutting the upper 
ligaments, while it is destroyed by cutting the lower ligaments, or 
the vocal chords. 

The truth seems to lie between these two opinions, or rather 
both of them appear to be true ; for, whereas the preservation of 
the voice after the destruction of the upper ligaments proves that the 
vocal chords do act in a way to produce sound of themselves, while 
the great change in the voice shows that an important organ has been 
destroyed; so the experiments of Savart render it evident that the 
glottis, from its very form, must produce a musical sound, whether 
the vocal chords come in contact or not ; and as there is no appa- 
rent dissonance in a perfectly regulated voice from this double 
source of musical sound, it seems a fair conclusion that the 
larynx is a compound musical instrument^ formed from the per- 
fect adjustment of the musical cavity of the glottis with the deli- 
cate reed of the vocal chords. The reed thus formed is indeed of 
so soft a nature, that it vibrates at the least impulse^ and in aocnci 
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degree accommodates itself to the vibrations of the air in the 
glottis ; and the note, thus obtained, is probably improved in strength 
and quality. 

The voice of 'a man is, as every one knows, much more grave 
than that of a woman, and there is a corresponding difference in 
the dimensions of the vocal chords, which are much longer in a 
man than in a woman, and hence the difference in the projection of 
the pomum Adami. 

d. The action of the vocal chords has been lately investigated 
by Mr. Willis, and elucidated by some curious experiments, from 
which it would appear that these chords might with more propriety 
be called the vocal membranes. 

Mr. Willis made use of a frame of wood, ABBBC, fig. 171, to 
which was attached by its ed^^es a thin elastic membrane, EEEE, 
Two such frames, AB, A'B\ were placed facing each other, as in 
fig. 172, (which represents a section of the appaatus employed by 
him,) over the mouth of an organ -pipe, CD CD', and the edges 
of the frames were shut in by walls, parallel to the section here 
given, so as not to allow of the escape of the air from the pipe. 

When the frames were inclined to each other, as in fig. 172, the 
wind only forced the membranes apart, curving them from each 
other ; when the frames were inclined in the opposite direction, as 
in fig. 173, the wind in its passage curved the membranes towards 
each other. But when the frames were placed, as in fig. 174, 
parallel to each other, or nearly so, a powerful vibration took place 
at the edges of the membranes, and a strong sound was produced, 
the pitch varying with the distance of the membranes apart. 

Now a careful examination of the structure of the larynx makes 
it evident, that the vocal chords are placed, as in h b, fig. 175, with 
their sides nearly parallel when they vibrate in producing sound. 
But when the wind passes between them in silence, as in the com- 
mon act of breathing, they are inclined to each other, as in fig. 170; 
and there is no important diminution of their tension, as supposed in 
the usual explanation, neither is the chink between enlarged, for 
they may be in actual contact without any other than a hoarse 
sound, like that of clearing the throat. 



p. III. CH. V. <5> 193.] THE VOICE. 207 

The Pharynx. 

193. The pharynx is a large cavity above the larynx, 
which corresponds, in the changes jof its form and of 
the tension of its sides, to the different notes of the 
voice, and is very important in reinforcing them by its 
resonance. 

a. In this part of the air-passage, we fir^d an exact correspon- 
dence with the flute, or pipe, in as far as it is lengthened during the 
grave sounds hy the descending of the trachea and larynx, and 
shortened in the acute by their ascent. 

h. But this is not all. It appears from M. Savart's experiments, 
that in short pipes, and in cavities, whose other dimensions bear a 
considerable ratio to their length, the tone yielded is rendered much 
graver, when the pipe or cavity is constructed of a flexible material, 
capable of being agitated and set in vibration by the air, than when 
made of more rigid materials. He constructed a cubic box-pipe 
with paper, stretched on sliglit square frames of wood, joined 
together at the edges, and made it speak by an embouchure at the 
edge. He then observed, that so long as the paper was slightly 
stretched, the sound yielded by the cube was nearly as acute, as it 
would have been, had the whole been rigid ; but that when its 
tension was diminished by exposing it to moist vapor, or even by 
wetting it, the soured descended in the scale by an interval propor- 
tioned to the degree of moisture the paper had imbibed. It was 
thus lowered even two whole octaves, when it grew so feeble as to 
be no longer audible ; but, repeating the experiment in the still of 
night, it could yet be heard, and no limit indeed then seemed set 
to the descent of the sound ; and even when no longer audible, the 
vibration of the paper sides could still be made sensible by sand 
strewed on them, which arranged itself in nodal lines, for the most 
part elliptic or circular. 

The relaxation then, or increase of tension, of the soft parts 
which form the cavity of the mouth, pharynx, and larynx, is, no 
doubt, a great cause of the graduation of its tones. Whoever will 
sing open mouthed before a looking-glass, will not fail to be struck 
with the extraordinary contraction of the uvula^ (a small pendMlous 
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substance, which seems to hang down from the roof of the mouth,) 
which takes place in the higher notes. It shrinks up ahnost into a 
point, and every surrounding part seems to partake of its tension, 
while the dropping of the lower jaw, and the effort made in every 
possible way to increase tlie dimensions and diminish the tension of 
the throat and fauces generally, in singing the lower notes of the 
scale, sufficiently prove that the note of the glottis is reinforced in 
this case, as in that of acuter sounds, by the resonance of the 
cavity above. 

194. The tongue, the cavity of the fauces, the lips, 
teeth, and palate, with its velum pendulum^ and the 
uvula, which performs the office of a valve between 
the throat and nostrils, as well as, perhaps, the cavity 
of the nostrils themselves, are all concerned in modi- 
fying the impulse given to the breath as it issues from 
the larynx, and producing the various consonants and 
vowels, according to the different capacities and shapes 
of their internal cavity. 

195. The different vo!^;^/ sounds are produced, either 
by the lengthening and shortening of the pharynx, 
larynx, and trachea^ or by merely opening and closing 
the lips, or placing the tongue in different positions 
within the mouth. 

a. In 1779, the Imperial Academy of Petersburgh proposed, as 
one of their prize questions, an inquiry into the nature of the vowel 
sounds A E I O U, and the construction of an instrument capable of 
artificially imitating them. Tlie prize was awarded to M. Kratzen- 
stein, whose principle consisted in the adaptation of a reed, in all 
essential respects similar to Grenie's, where the tongue passes to 
and fro through the slit without contact, to a set of pipes of pecu- 
liar forms, some of them very odd ones, and for whose shapes no 
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Other reason could be given than their success on trial. This, 
however, was a threat step. It showed the vowel quality of a 
sound to be something distinct from mere pitch, and susceptible of 
being produced at pleasure by mechanical artifice. 

b. Pursuing this idea, Mr. Willis has succeeded in educing all 
the vowel sounds, by a mere combination of a reed on Kratzenstein's 
construction, with a cylindrical pipe of variable length, and investi- 
gating the laws of their production. He relates, that, having pro- 
vided an apparatus, consisting of a wind-chest, or reservoir, connected 
with a pair of doubla bellows, and opening into a porte-vent, having 
a free reed, on Kratzenstein's or Grenie's construction, at its ternii- 
nation, his first object was to verify Kempelen's account of the 
vowels. He, therefore, adapted his reed to the bottom of a funnel- 
shaped circular cavity, open at top, as in fig. 176, which represents 
a section of the apparatus, and on making the reed speak, and 
placing his hand in various positions pointed out by Kempeleo 
within the funnel, he obtained the vowels A (as in hard), E (as Ji 
in lame), J (as E in peep), O (as in hole), C7(as in rude), very 
distinctly. On using, however, a shallower cavity, these position^ 
became unnecessary, and the hand might be replaced by a flat 
board slided over the mouth of the cavity ; and by using a very 
shallow funnel, as represented in fig. 177, he succeeded in obtain- 
ing the whole series in the order C7, O, jE, A, /. 

c. Being thus led away from Kempelen's experiment, he pro- 
ceeded to try the effect of adapting to the reed cylindrical tubes, 
whose length could be varied at pleasure by sliding joints. This 
was easily accomplished by fixing the .reed with its porte-vent into 
the end of a pretty long horizontal pipe, coming off from the wind- 
chest, over which on its outside, a tube, open at both ends, was 
made to slide on leather, wrapped round it in the manner of a 
piston, and capable of being lengthened, by the attachment of 
pipes of similar tube of its own length to any extent. He thus 
describes the results so obtained. Let abed, fig. 178, represent 
the length of the outer or sounding pipe, projecting beyond the 
reed, and take abybc^cd, &c. eiqual to the length of a stopped 

27 
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pipe in unison with the reed employed, that is equal to half the 
length of the sonorous wave of the reed. 

If, now, the pipe be drawn out gradually, the tone of the reed, 
retaining its pitch, first puts on in succession the vowel quantities, ij 
A, JE, O, U. As the length approaches to a c, the same series 
makes its appearance in an inverted order, as represented in the 
diagram ; then on passing the length, ac, in direct order again, and 
so on in cycles, each cycle being merely a repetition of the fore- 
going, but the vowels becoming less and less distinct in each suc- 
cessive cycle, and the distance of any given vowel from its respec- 
tive central points, a, c, he. being the same in «11 the cycles. 

If another reed be adapted to the same pipes, having a different 
fundamental sound, or sonorous wave, the same phenomena will be 
produced, only that the central points, of the new cycles will now 
be at a distance from each other equal to the sonorous wave of the 
new reed, but the distances of the several vowel points from the 
centres of the respective cycles will be the same as before. 

d. When the pitch of the reed is high, so that the length, a c, of 
its wave is less than twice the distance, a U, corresponding to any 
vowel, all the vowels beyond that distance become impossible. If, 
for instance, a c be less than 2 ah, but greater than 2 a O, the series 
will never extend so far as U; but on lengthening the pipe indefinitely 
the succession of vowels IE A O A jE J will be repeated. If, in like 
manner, still higher notes be taken for the reed, more vowels will be 
cut off. This, Mr. Willis remarks, is exactly the case with the human 
voice ; female singers being unable to pronounce U and O on the 
higher notes of their voices. For example, the proper length for 
a pipe to produce O is that which corresponds to the note O', two 
octaves above the middle C of a piano-forte, and beyond this note 
in singing it will be found impossible to pronounce a distinct O. 

c. Cylinders of the same length, or, more generally, cavities of 
any figure resounding to the same note, give the same vowel, when 
applied to one and the same reed. 

196. The different consonants are the vowel sounds 
checked by the tongue, lips, or teeth, accompanied by 
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certain murmurs and hissing sounds in the throat and 
mouth. 

a. Thus, jP, T, K, are respectively produced by the closing of 
the lips, the meeting of the tongue and palate, and the meeting of 
the dorsum of the tongue and palate; while B, D, G (hard) only 
differ from them in a previous murmur produced by the passage of 
the air into the pharynx. M, N resemble B and D in the passage 
of the air through the glottis ; but the air, instead of being collected 
in the pharynx, ascends into the cavities of the face, the velum of 
the palate being lifted. The sounds of V, Z, TH (hard), ZH, are 
the same with Fy *S, TH (soft), *SH, preceded by the murmur in 
the glottis. 

6. The pharynx by its power of dilatation and contraction is an 
important agent in articulating, or forming the consonants. This is 
seen in the formation of JB, D, and G (hard), which could not 
otherwise be produced ; and, indeed, if we grasp the throat whilst 
speaking, so that the fingers embrace the bag of the pharynx, we 
shall feel that each articulate sound is attended with an action of 
the pharynx, and preceding each explosive letter, we shall be 
sensible of a distention of the throat. 

By a close attention to the act of breathing, we shall perceive 
that whilst the distended chest falls gradually and uniformly, the 
bag of the pharynx is alternately distended and compressed, in 
correspondence with the articulated sounds. We can easily con- 
ceive that, if each impulse of the breath in speaking arose from the 
action of the chest, it would be attended with great and unnecessary 
exertion ; since in proportion to the size of the reservoir, is the 
force required on the sides of the reservoir to produce an impulse 
along the tube which gives issue. Thus^ Dr. Young made a com- 
parison of the power employed by a glass blower, in propelling the 
air through his tube by the force of his cheeks, and in propelling 
it by the force of his lungs ; and, calculating the ease with which 
the less cavity of the mouth is compressed, in comparison with the 
greater cavity of the chest, he concluded that the weight of four 
pounds would produce an operation through the smaller cavity, 



212 SOUND. [p. III. CH. V. <^ 197. 



Articulation. The Whisper, Whistling. 



•equal to seventy pounds weighing on the larger cavity. The same 
calculation may be applied in the case of the pharynx, and the 
substitution of it for the larger cavity of the chest, to the great 
relief of the speaker, and the most important saving of muscular 
exertion. If each consonant and accented syllable requires the 
action of the whole thorax, we should find that a man, instead of 
being able to deliver an oration of some hours in length, would be 
exhausted in a few sentences; like a person who bellows and gives 
pain by the violence and consequent ungracefulness of his action. 

197. The Whisper is the effect of the passage of the 
air through the vocal tube, whilst the position of the 
glottis is such that it scarcely vibrates, and produces 
tardly any variety of pitch. 

198. The varieties of pitch in Whistlings which is a 
sort of shrill inarticulate whisper, are chiefly produced 
by the mechanism of the tongue. 

This may be proved by depressing the tongue, by means of a 
thin rod passed through the corner of the mouth, during the act of 
whistling. The power of intonation in this function is thereby 
destroyed. The motion of the tongue may be felt, and its instru- 
mentality in producing the pitch of whistling may be ascertained, 
by any one who can execute a shake in this sort of sound. During 
the shake, there is no alteration in the aperture of the lips. For, 
though some variation in this respect may be observed, in running 
through the whole compass, particularly when the note is made by 
inspiration, the principal agency of the aperture consists in the pro- 
duction of the shrillness which characterizes this function. 

199. The Falsette is that peculiar voice in which the 
higher degrees of pitch are made, after the natural 
voice breaks, or outruns its power. The cry, scream, 
yell, and all shrillness, are various modes of the falsette. 
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a. The striking difference in quality, between ibe natural nnd 
the faisette voices, has created the idea of a difference in their 
respective mechanisms, not only as regards the kind of sound, biit 
likewise its pitch ; but after all that has been written upon this 
intricate subject, it b delightful to turn from the vague hypotheses 
of ignorance, to the modest and sound philosophy of Dr. Rush, 
who, without pretending to know the cause of the faisette, contents 
himself with showing what it is not; and we cannot do bettor than 
to follow his example. 

b. First, then, the faisette does not seem to be produced on the 
larynx, as appears from an experiment of M. Bennati, repeated 
after M. Deleau. 

M. Deleau introduced into the pharynx, through the nostril, a 
hollow probe, through which was forced a current of air from a pair 
of bellows. As soon as he felt the air strike the sides of his throat, 
be held his breath, moving the organs of voice as if in the act of 
speaking ; and a low voice was heard, distinctly uttering all the 
elements of articulate speech. To assure himself that this voice 
did not proceed from the larynx, he spoke at the same time in a 
loud tone, and two voices were heard, as of two difierent persons 
saying the same thing. 

This experiment was repeated by M. Bennati, whose thorough 
knowledge of anatomy and music well fitted him for such investi- 
gations ; and he remarked that the notes of the voice thus ob- 
tained were those of the faisette. 

c. M. Bennati called the pure notes of the faisette the surlaryn- 
gian, because he supposed them to be made above the larynx, by 
the back parts of the mouth, which he observed to be very much 
contracted during these notes. But Dr. Rush has shown the insufS- 
ciency of this hypothesis from the facts ; that, during the exercise of 
the faisette on the element a (as in awe,) very little alteration takes 
place in the positions of this part of the mouth ; that the elements 
n and m, both of which are made by the passage of air from the 
glottis solely through the nose, can be precisely intonated in the 
faisette scale ; that the faisette may be made by inspiration through 
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the nose with the mouth closed ; and, further, that if we inhale 
through a tube, one end of which reaches beyond the soft palate, 
the falsette may be carried through its pitch, though the current of 
air in this case does not impress the soft pans at the back of the 
mouth ; and the same is true of expiration, where the current passes 
into the tube, without passing the isthmus of the fauces. He also 
relates a case in whicli the falsette was produced by a female, 
destitute of the whole of the soft palate, that is, of the principal 
part of the apparatus upon which the explanation of Bennati 
depends. 

d. We seem, therefore, to be driven for an explanation of the 
falsette to the resonance of the pharynx, which, from the experi- 
ments of Savart before referred to, must experience great changes 
in its note, from the increased rigidity of its sides during the exer- 
cise of the falsette ; and this increase of rigidity appears equally 
from the observations of M. Bennati, and those of Dr. Rush ; while 
the experiments of Mr. Willis prove that the position of the vocal 
chords may be such, as not to interfere with the note of the pharynx 
by any note of their own, and this, too, even when the note of the 
pharynx is not above their compass. 



INDEX. 



[The Numbera refer to the Articles of the Text.} 



Acoustics, its objects as a science, 1. 

Air. Propagation of Sounds in, Part I., Chap. I. and II. ; con- 
densed and rarefied sounds in, 2 ; sound at great elevations in, 
3; its temperature, moisture, and other circumstances affecting 
sound, 5, 6, 21; heat developed in, increases the velocity of 
sound, 22; vibrations of a column of Part II., Chap. III., 156; 
vibrations of, 15*2, 155, 157, 158; in contact with vibrating surfa- 
ces, 160, 163, 166, 183. 

Air-pump, sounds in the exhausted receiver, 2. 

Atmosphere, sounding, its probable extent, 3. 

Beats, in music, 112; rendered ocularly visible, 154. 

Bird-calls, 192, 6. 

Bullet, singing of, explained, 52, 6. 

Carpets, effects in deadening sound in a room, 37. 

Cavities, resonance of, 157, 158 ; of the tympanum, 186 ; of the 
pharynx, 193, 196 6. 

Chimney Pipes, 96. 

Chords, in music, 99, 106, 107 ; vocal, 192. 

Chromatic Scale, 110. 

Clouds, reverberations of sound by, 12. 

Cochlea of the car, 187. 

Column of Air, vibrations of Part II., Chap. III. ; resemblance to 
those of a stretched cord, 69 ; reflection at the end of the column, 
70; how maintained, 71, 77, 84; nodes, 72, 73, 74, 79, 80, 81, 156. 

Concords, musical, 99, 106, 107. 

Consonants, how produced, 196. 
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Cord stretched, vibrations of, 13 ; Part II., Chap. II., how pro- 
duced and maintained, 53, 63; investigated, 54; reflected from the 
fixed ends, 56, 57, 65 ; duration of, when fixed at both ends, 57, 
58 ; nodes and ventral segments, 59, 60 ; harmonics, 60, 61 ; pitch, 
66 ; form of orbits, 67. 
CuisPATioNs, on the surface of fluids over vibrating plates, 167-182; 

of air in contact with vibrating surfaces, 183. 
CuKRENTs, in a fluid in contact with vibrating surfaces, 160- 164, 166. 
Cylinder, vibrations of See. Tube, 
Decay of sound. Part I., Chap. VI. 
Diapason organ pipe, 86, 87. 
Diatonic scale, 103. 
Discords, musical, 98 ; resolved, 100. 
Distance, at which sounds have been heard, 6. 
Divergence, of sound, Part I., Chap. VI ; not alike in all direc- 
tions, 45, 152. 
Ear, its structure, Part III., Chap. IV. ; the outer, 185 ; the middle, 

186; the inner, 187. 
Echos, from walls, 8, 9, 10; from curved surfaces, 11; from clouds, 12. 
Elasticity of a solid, 33. 

Embouchure, of -a pipe, 74, 85, 156; may command the pipe, 93, 94. 
Euphone, musical instrument of Chladni, 140. 
Eustachian tube, 186. 
Falsette, 199. 
Fishes, hearing of, 26. 
Foramens of the ear, 186. 
Flats and sharps in music, 109. 

Fluids, in contact with vibrating surface, fdrms and states of. Part 
III., Chap. Ill ; currents, 160- 164, 166; crispations of, 167- 183. 
Forces, transmitted by solids, 43. 
Gases, propagation of sound in, Part I., Chap. III. ; in mixed gases, 

35, 36. 
Glottis, 192. 

Harmonica, German, 92. 

Hormonics, 99; of a stretched cord, 60; of pipes, 81, 87; of a vibrat- 
ing rod, 121 ; of solids, 122, 150. 
Harmony, musical. Part II., Chap. IV. 
Harp, Jew's, 91. 

Hearing, of fishes, 26 ; of sounds under water, 26 ; by night more 
delicate than by day, 35 ; limits of, 104, 105 ; organs 4fy Part III., 
Chap. IV. 
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Heat^ developed in air, cause of the difference between theory tod 
observation, 22 ; developed in gases and vapors, 24 ; not developed 
in liquids, 29. 

Human voice, organs of^ Part. III., Chap. V. ; organ-pipes, 96. 

Hydrogen^ propagation of sound in, 24; curious effects on the sound, 
25,36. 

Influence, mutual, of vibrating bodies, 141. 

Intensity/ of Sound, 50 ; in air of different densities, 2, 3 ; causes 
affecting it, 5, 6, 7 ; in gases and vapors, 25 ; in passing from one 
medium to another, 26 c ; law of its decay by distance, 46. 

Intervals, musical, 102 ; scale of equal, 114. 

Jew's harp, 91. 

Labyrinth of the ear, 187. 

Larynx, 192. 

Liquids, Propagation of Sound in. Part I., Chap. IV., 159; in con- 
tact with vibrating surfaces. Chap. III., Part III. See Fluids. 

Mathematical Theory of the Propagation of Sound, Part I., 
Chap. II. ; in liquids, 28. 

Media, Mixed, Propagation of Sound in, Part I., Chap. V. ; un- 
fitted to convey sound, 34, 35, 36, 37. 

Membranes stretched, vibrations of, 152, 153, 192 c ; used to explore 
the vibrations of air, 154, 155, 156 ; of the ear, 136. 

Meteors, sounds of, 3, 4. 

Monochord, 62. 

Mountains, high, sounds on, 3. 

Musical Sounds, Part II. ; under water, 31 ; distinguished from 
noise, 48, 49, 50; production of, 51, 52. 

Musical Intervals, Harmony, and Temperament, Part II., Chap. IV. 

Nerves of the ear, 187 ; of the voice, 189. 

Nodes, of a stretched cord, 59, 60, 61, 63 ; of a column of air, 72, 
73, 74, 78, 79, 80, 81, 156; of a vibrating rod, 122, 147; of a 
vibrating plate, 126, 147, 151 ; of a vibrating solid, 145 ; of vibrat- 
ing tubes, 148, 149, 150; of vibrating air in a chamber, 155; of 
a vibrating stretched membrane, 152, 153. 

Noise, distinguished from musical sounds, 48. 

Notes, musical, 97, 109 ; not in unison, 98, 108 ; two may produce 
a third, 113. 

Organ-pipe, diapason, 86, 87 ; vox humana, 95 ; chimney, 96. 

Pharynx, 193 ; important in articulation, 196. 

Phenomenon, curious, at the Solfaterra, 38. 
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Pipes, sound conreyed in, 7; pyramidal, propagation of sound in, 46; 
vibrations of air in, Part II., Chap. III. ; embouchure of, 74, 85; 
open at both ends, 79, 80 ; closed at both ends, 75, 80; open at 
one end, 75, 76, 77, 80 ; pitch of, 80, 81, 82, 85; qualities of, 84, 
88, 89 ; of different materials, 83 ; organ, 86, 87, 95, 96; with a 
reed, 88, 89, 90 ; lengths of, which yield the vowels, 195. 

Pitch, 50, 97, 117 : of a stretched cord, 66 ; of a pipe, 81, 82, 85, 
87 ; of reed pipes, 88 ; of vibrating plates, 129, 138 ; of the voice, 
191 - 194, 199; of whistling, 198. 

Plates, transverse vibrations of, 126, 128, 135, 136, 137, 143, 151 ; 
rendered visible to the eye, 127 ; primary vibrations of, 130; super- 
positions of vibrations, 128, 129, 131-135; tangential vibrations 
of, 147, 151. 

Powder, Jine, strewed on vibrating plates, to indicate the currents of 
fluid in contact with the plates, 161, 162, 163; arranged in heaps, 
165 ; strewed over the crispations of a fluid, 173. 

Pbopagation of Sound, in Air, Part 1., Chap. I. and VI. ; mathemati^ 
cai theory. Part I., Chap. II. ; mode of, 13 ; in a straight canal of 
equal bore, 18 ; in gases and vapors, Parti., Chap. III.; through 
liquids Part I., Chap. IV.; in solids and mixed media. Part I., 
Chap. V. 

Pulses, aerial, 16, 47. 

Quality of Sound, 50 ; of the tones of diflerent pipes, 84, 88, 89, 
90 ; of the voice, 191 - 199. 

Receiver, exhausted, sounds quite inaudible in, 2. 

Reed, attached to a pipe, 77, 88, 89, 90 ; Grenie's reed, 90, 91, 92. 

Reflection of sound from walls, 8, 70 ; law of, 9 ; total, in passing 
from a denser to a rarer medium, 30. 

Resonance of a cavity, 157, 158 ; of the pharynx, 193, 199 d. 

Rods, longitudinal vibrations of, 120, 121, 143, 145, 147, 148, 150; 
harmonies of, 121 ; transverse vibrations of, 124 ; vibrations com- 
municated to solids, 140, 14], 142. 

Sand, arranged on the nodal lines of vibrating bodies, 127, 129, 132, 
134, 135, 136, 146, 149, 151, 152, 153, 159; below the crispa- 
tions of a fluid on vibrating plates, 172. 

ScaU^ diatonic or natural, 103; chromatic, 109, 110, 111; iso-har- 
monic, 114; of mean tones, 116. 

Shadows of sound in water, 32. 

Sharps and flats, 109. 

Sirene, of M. Cagniard de La Tour, 51, b. 
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Solids, Propagation of Sound in. Part I., Chap. V. ; homogeneous, 
uniform in structure, and the reverse, 34 ; elasticity of, 33 ; 
difference between solids and fluids in conveying sound, 39, 40, 41 ; 
forces transmitted by, 43; vibrations of, 117, 116, 119, 122, 123, 
140, 141, 142, 143, 146. 

Sound, its propagation, Part I. ; velocity of, 5, 19-24, 27, 28, 42, 
82; intensity of, 2, 3, 6, 7, 25, 26, 50; reflected, 8, 9, 10, 11 ; 
equations of motion, 18; total reflection, 30 ; change of its nature 
in passing through water, 31 ; shadows in water, 32; not well con- 
veyed through non-homogeneous substances, 34, 35, 36, 37 ; better 
heard by night than by day, 35 ; divergence and decay, 44, 45, 
46; MUSICAL, Part II. ; pitch of, 50, 66, 81 ; quality of, 50. 

Sounding-boards, effect of, 139. 

Strings, tended. See Cord, 

Systems, Vibrations of. Part III., Chap. I. 

Temperament, musicsil, 108, 111, 112, 115; system of equal, 114; 
different systems of, 1 16. 

Temperature of the medium affects the velocity of sound, 5, 21. 

Theory, Mathematical, of the Propagation of Sound, Part. I., 
Chap. II. 

Thorax, 190. 

Thunder explained, 12. 

Trachea, 191. 

Tubes, vibrations of, 148-150 ; Eustachian, 186. 

Tympanum, 186. 

Unison, sounds in, 50, 97. 

Undulations, stationary, 178. 

Uvula, 193. 

Vacuum, will not convey sound, 2. 

Vapors, Propagation of Sound in, Part I., Chap. III. 

Velocity of Sound in air, 5, 19, 82 ; circumstances affecting, 5, 21 ; 
independent of the density of air, 20 ; difference between theory 
and experiment, 22; in gases and vapors, 23, 24 ; in water, 27 ; 
in liquids, 28 ; in solids, 42. 

Vibrations of a stretched cord, 13, Part II., Chap. II. ; of a column 
of air. Part II., Chap. III., 156; superposition of, 61, 94, 128, 129, 
131 - 135 ; of bars, rods, and plates. Part II., Chap. V. ; of sys- 
tems. Part III., Chap. I.; Communication of, 137, 140, 141, 143, 
Part. III., Chap. II ; of the air, 152, 153, 155, 157, 158 ; of a 
liquid, 159. 

Violin, vibrations of, 137 ; improvement of, 144. 
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Voice imitated, 96, 195; organs of, Part. III., Chap. V.; of animals, , 
188 ; pitch and quality of, 191 - 194 ; vowel sounds of, 195 ; con- 
sonants of, 196 ; whisper of, 197 ; whistling of, 198 ; falsetto, 199. 

Vowels, how produced, 195. 

Wails, prevent the spread and loss of sound, 7 ; reflect sound, 8, 9, 
10, 11. 

Water, waves formed on it by throwing in a stone, 13 ; capable of 
conveying sound, 26 ; velocity of sound in, 27 ; heat not devel- 
oped in it by sudden compression, 29 ; changes the nature of sound 
passing through it, 31 ; shadows of sound in it, 32; in contact with 
vibrating surfaces, 161 h, 164, 167, 168, 169, 171 - 182. 

Waves, formed on water by the force of a stone, 13 ; definition of 
14 ; motion of, 15, 152 ; in a field of standing corn, 15 ; breadth 
of, 16 ; various species of, 16, 47. 

Whisper, 197. 

Whistle, 198. 

Wind, effect on Sound, 5. 
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